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Abstract 
Abstract 
Biomarker components of modern peat-forming plants and selected sections of a 10 m 
peat core sampled from Bolton Fell Moss, Cumbria, UK have been investigated using 
GC, GC/MS, py-GC/MS and, where appropriate, GCC/IRMS. The resulting data has 
been used to trace plant derived lipid signals through the peat and to elucidate 
environmental, and particularly climatic, conditions prevalent at the time of deposition. 
Examination of the constituent lipids of the peat forming plants revealed n-alkane 
distributions for Sphagnum species that displayed enhanced abundances of lower chain 
length homologues (C21-C25). Other plants examined revealed typical higher plant 
distributions (C29 or C31 maxima). Therefore, n-tricosane (C23) and n-pentacosane (C25) 
were identified as Sphagnum source-specific indicators. In addition these shorter chain 
length components possessed relatively depleted 813C values in comparison to their 
longer chain length counterparts and those originating from other species. Also of 
significance was the identification of 5-n-alkylresorcinols as biomarkers for sedge 
species. 
A sub-recent peat profile estimated (based on 210Pb analyses) to have accumulated 
during the past 230 years displayed the n-alkane distributions indicative of Sphagnum, 
with the n-C23 component varying considerably in abundance down core; a parameter 
appearing to reflect the change in relative abundance of Sphagnum and other higher 
plants and/or variation in Sphagnum species. Comparison with documented 
meteorological records of these and other lipid and 813C characteristics showed 
correlation with average temperatures, based on the growing season for Sphagnum. 
Analogous measurements performed on a mid-Holocene peat profile for which no 
documented records existed again showed n-alkane distributions, and the C23 
component in particular, that reflected changes in vegetation, presumed to be driven by 
climatic changes. However, an additional bacterial source for the 5-n-alkylresorcinols 
underlined the care which must be exercised in drawing conclusions based on biomarker 
analyses. 
Analysis of the solvent insoluble residues, by py-GC/MS, of peat forming plants and a 
peat profile confirmed the diagnostic nature of 4-isopropenylphenol as a pyrolysis 
product of Sphagnum. The abundance of this biomarker down the peat profile provided 
a new proxy for reconstructing Sphagnum input to a peat bog that is at least as reliable 
as macrofossil counting statistics. 
11 




Well, where do I start? This thesis is the culmination of four years postgraduate study, 
three years . undergraduate study and umpteen years of learning. Obviously, this has 
meant involvement with far too many people to mention here specifically so I have two 
things to say to everyone I have been fortunate enough to know..... thanks and good of 
you! 
I want to thank all the people that have shared the good times with me. Ian `The Big E' 
Norton has been a true friend from the beginning, as have Anthony `Bap' Robinson 
("look lads, I've got tits!! ") and Paul `H' `Legend in his Own Time' Hock. We were 
thrown together by fate and fortunately you guys were pretty cute! How convenient! 
Other former flatmates are also thanked for creating an atmosphere that money can't 
buy (or can it? ): Alun `Good of Me' Rafique, Dave `Big Viddy' Clark (without an e), 
Rob `snooker enpughsiast' Pugh, Tom `The Great Millardo' Millard, Jon `Filkinham' 
Filkin, Rob `El Fieldos' Field, Andrew `Pesto Sauce' Parker, Aiden `It's just a noise' 
Kerr and Rich `Hi Rich Cove' Cove. Others who deserve a mention just for being so 
damned ideal: Kate, Mark, Olly, Liz, Les, Ruth, Colesy, Bridget, Neil, Fiona, Gail, 
Tucker, Phil, Steve, Guy, Simon, Beames, Wood, Dennett, Jim Fleming, Paul Pringle, 
Charles..... I know there's more but I'm choking up here! I must also thank the Filling 
Station for their sublime culinary skills. 
OGU friends I thank include Rob `Burnside' Berstan. You are without doubt the most 
talented footballer I've ever played with and are also one of the nicest blokes I know 
(except when you're being arsey! ). If you ever need a sofa to stay on......!!! Many 
thanks go to Andy `29 and addicted to gambling' Stott for being a legend. Need I say 
more. Thanks also to Susan Jim for being a valuable friend. I am also indebted to Luke 
`lanky streak of.... ' Avsejs for being the counterbalance to my stupidity. I thank him for 
hours of discussion on many topics and for his perennial willingness to aid and abet. 
Everyone else I have worked with in the, dare I mention it, OGU in the last five years 
are deservedly thanked. In no particular order: Ian Bull, Matt Lockheart, Steph Dudd, 
Steve Buckley, Helen Bland, Simon Woodbury, Mohammed Elhmmali, Hazel Mottram, 
Matt Flannery, Anthony Raven, Neil `Cheggs' Crawford, Andy Turner, Helen Talbot, 
Kath Ficken, Griff, Matt Higginson, Artur Stankiewicz, Anke Putschew, Gareth Reilly, 
Mark Copley, Paul Chamberlain, Sophie Aillaud, Simon Magness, Alex James, Andrew 
McGovern, Vincent Perret, Gordon Docherty, Vicky Jones, Zoe Crossman, Shucheng 
Xie, Filip Volders, Julie Scott, Mark Howland, Lyndon Ellis, Jo, Pak, Veronica, Torren 
Peakman, Dave Roberts, James Maxwell and Sue Trott. Endless technical help has been 
supplied by Jim Carter and Andy Gledhill for which I am eternally grateful, as I am for 
the sarcastic insults of Matt Smith. Tony Court is warmly thanked for discourse and 
regular pearls of wisdom.... if only everyone was as encouraging. I also acknowledge 
the work of those behind the scenes without whom none of this would be possible. 
I must also thank the EPSRC on two counts: for providing me with money via a 
studentship (for which the School of Chemistry is equally thanked) enabling me to fulfil 
my ambition; and for subsequently employing me! You fools, you fools.....!!!! 
I thank Dr Darrel Maddy, Dr Dmitri Mauquoy and Prof Frank Chambers for expert 
palaeoecological help and advice, and for painstakingly peering down microscopes. 
iv 
Acknowledgements 
Penultimately, I'd like to thank two people for introducing me to the world of organic 
geochemistry. My sincere thanks go to Richard Evershed for taking me into his lab five 
years ago and having complete faith in my ability in the years since. He has provided a 
wealth of advice and suggestions, and has been supportive throughout. He should also 
take the credit for providing a superb working environment both in equipment and in 
atmosphere. Oh, and he's a good bloke too! I also thank Pim van Bergen for his expert 
and enthusiastic help, advice and friendship during my formative (organic 
geochemically speaking) years. 
Finally, ridiculously large thanks go to my family - Mum, the Old Man, Lorraine & 
Frazz, and Pan. May this thesis be a tribute to you and an inspiration to others, 
especially my niece Ella and future members of our next generation. Finally, finally, 
extra special thanks to Emily who has kept me (relatively! ) sane with her enormous love 
and support. Without you completing this work would have been an even more difficult 
task. 




I declare that the work in this thesis was carried out in the School of Chemistry, 
University of Bristol between October 1996 and August 2000, in accordance with the 
Regulations of the University of Bristol. The work described herein is the original work 
of the author, except where otherwise stated, and has not been previously submitted for 
a degree at this, or any other University. The views expressed herein are those of the 
author and not of the University. 
CN@- f 












Chapter 1 Introduction 1 
Chapter 2 Free Lipid Distributions of Peat Forming Plants 30 
Chapter 3 An Investigation of Sub-Recent Peat: Lipid Abundances 
And Distributions 97 
Chapter 4 An Investigation of Mid-Holocene Peat: Biomarker 
Compositions 137 
Chapter 5 Reconstruction of Vegetation History using Pyrolysis- 
Gas Chromatography/Mass Spectrometry 160 
Chapter 6 Overview and Future Recommendations 184 






Chapter 1 Introduction 
1.1 Sources of Information on Past Environments 2 
1.2 Palaeoclimate Proxies 4 
1.3 Biomarkers and Palaeoclimate 10 
1.3.1 Marine Sediments 11 
1.3.2 Terrestrial Sediments 15 
1.4 Ombrotrophic Mires and Climate 19 
1.4.1 Formation of Raised Bogs 20 
1.4.2 Ecology of Raised Bogs 22 
1.4.2.1 Plant Ecology 23 
1.4.2.2 Hydrology and Peat Formation 24 
1.4.3 Summary 27 
1.5 Description of Sample Site 28 
1.6 Aims and Scope 29 
Chapter 2 Free Lipid Distributions of Peat Forming Plants 
2.1 Objectives 31 
2.2 Introduction 31 
2.3 Sample Description 39 
2.4 Results 40 
2.4.1 Lipid Composition 40 
2.4.1.1 Sphagnum magellanicum 40 
2.4.1.2 Sphagnum imbricatum 41 
2.4.1.3 Sphagnum capillifolium 45 
2.4.1.4 Sphagnum cuspidatum 47 
2.4.1.5 Sphagnum palustre 49 
2.4.1.6 Sphagnum papillosum 51 
2.4.1.7 Sphagnum recurvum 53 
2.4.1.8 Sphagnum sub-nitens 54 
2.4.1.9 Polytrichum species 58 
2.4.1.10 Aulacomnium palustre 60 
2.4.1.11 Hypnum cupressiforme 62 
2.4.1.12 Eriophorum vaginatum 64 
2.4.1.13 Eriophorum angustifolium 67 
vi" 
Contents 
2.4.1.14 Trichophorum cespitosum 69 
2.4.4.15 Rhynchospora alba 71 
2.4.1.16 Empetrum nigrum 73 
2.4.1.17 Vaccinium oxycoccus 75 
2.4.1.18 Erica tetralix 77 
2.4.1.19 Calluna vulgaris 79 
2.4.1.20 Andromeda polifolia 81 
2.4.1.21 Cladonia species 84 
2.4.1.22 Replicate Samples of Sphagnum magellanicum Collected 
across a Two Hundred Metre Transect Across the Bog 86 
2.4.2 Stable Carbon Isotope Compositions 88 
2.4.2.1 Bulk 813C Analysis 88 
2.4.2.2 Compound Specific 813C Analysis 89 
2.5 Discussion 92 
2.6 Conclusions 95 
Chapter 3 An Investigation of Sub-Recent Peat: Lipid Abundances 
And Distributions 
3.1 Objectives 98 
3.2 Introduction 98 
3.3 Sample Description 106 
3.4 Results and Discussion 109 
3.4.1 Elemental Analysis 109 
3.4.2 Lipid Analysis 110 
3.4.2.1 Hydrocarbon Fraction 110 
3.4.2.2 Ketone/Ester Fraction 116 
3.4.2.3 Alcohol Fraction 117 
3.4.2.4 Acid Fraction 124 
3.4.3 Stable Carbon Isotope Analysis 128 
3.4.3.1 Bulk Analysis 128 
3.4.3.2 Compound-Specific Analysis 131 
3.5 Conclusions 135 
ix 
Contents 
Chapter 4 An Investigation of Mid-Holocene Peat: Biomarker 
Compositions 
4.1 Objectives 138 
4.2 Introduction 138 
4.3 Sample Description 139 
4.4 Results and Discussion 141 
4.4.1 Lipid Analysis 141 
4.4.1.1 n-Alkanes 141 
4.4.1.2 5-n-Alkylresorcinols 148 
4.4.2 Stable Carbon Isotope Analysis 152 
4.4.2.1 Bulk Analysis 152 
4.4.2.2 Compound Specific Analysis 156 
4.5 Conclusions 158 
Chapter 5 Reconstruction of Vegetation History using Pyrolysis- 
Gas Chromatography/Mass Spectrometry 
5.1 Objectives 161 
5.2 Introduction 161 
5.3 Sample Description 165 
5.4 Results and Discussion 167 
5.4.1 Survey of Plant Biomacromolecules 168 
5.4.2 Biomacromolecules in Peat 175 
5.4.3 Vegetation History Reflected in Variations in py-GC/MS 
Derived Biomarkers 179 
5.5 Conclusions 182 
Chapter 6 Overview and Future Recommendations 
6.1 Overview 185 
6.2 Future Recommendations 189 
Chapter 7 Experimental 
7.1 General 193 
7.1.1 Glassware 193 
7.1.2 Solvents 193 
7.1.3 Storage 193 
X 
Contents 
7.2 Sampling 193 
7.3 Lipid Extraction and Preparation 194 
7.3.1 Sediment Extraction 195 
7.3.2 Vegetation Extraction 195 
7.3.3 Internal Standards 195 
7.3.4 Fractionation of Total Lipid Extracts 196 
7.3.5 Urea Adduction 196 
7.3.6 Derivatisation 197 
7.3.7 Pre-Analysis Clean-Up of Total Lipid Extracts 197 
7.4 Instrument Analysis 198 
7.4.1 Elemental Analysis 198 
7.4.2 Gas Chromatography (GC) 198 
7.4.3 Gas Chromatography/Mass Spectrometry (GC/MS) 199 
7.4.4 Bulk Stable Carbon Isotope Analyses 199 
7.4.5 Gas Chromatography-Combustion-Isotope Ratio Mass 
Spectrometry (GCC/IRMS) 200 






List of Figures 
Chapter 1 
Figure 1.1 C37 di-, tri-, and tetraunsaturated alkenones. 11 
Figure 1.2 Chlorins: transformation products of chlorophyll a. 14 
Figure 1.3 Examples of cyclic and acyclic isoprenoid hydrocarbons 
identified by Huang et al. (1999). 17 
Figure 1.4 Stages in the development of a raised bog peat deposit: a) lake, b) 
partially developed fen, c) fully developed fen, and d) fully 
developed raised bog. 21 
Figure 1.5 Energy flow in a raised bog ecosystem. 22 
Figure 1.6 Diagram showing changes in groundwater flow under a raised 
bog, as reported by Siegel et al. (1995). 26 
Figure 1.7 Map showing location of Bolton Fell Moss. 27 
Chapter 2 
Figure 2.1 Partial gas chromatogram of the total lipid extract of Sphagnum 
magellanicum. 42 
Figure 2.2 Distributions and abundances of: (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. magellanicum. 42 
Figure 2.3 Partial gas chromatogram of the total lipid extract of Sphagnum 
imbricatum. 44 
Figure 2.4 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. imbricatum. 44 
Figure 2.5 Partial gas chromatogram of the total lipid extract of Sphagnum 
capillifolium. 46 
Figure 2.6 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. capillifolium. 46 
Figure 2.7 Partial gas chromatogram of the total lipid extract of Sphagnum 
cuspidatum. 48 
Figure 2.8 Distributions and abundances of: (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. cuspidatum. 48 
Figure 2.9 Partial gas chromatogram of the total lipid extract of Sphagnum 
palustre. 50 
Figure 2.10 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. palustre. 50 
Figure 2.11 Partial gas chromatogram of the total lipid extract of Sphagnum 
papillosum. 52 
Figure 2.12 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
X11 
Contents 
(c) n-alkanols, and (d) n-alkanoic acids in S. papillosum. 52 
Figure 2.13 Partial gas chromatogram of the total lipid extract of Sphagnum 
recurvum. 55 
Figure 2.14 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. recurvum. 55 
Figure 2.15 Partial gas chromatogram of the total lipid extract of Sphagnum 
sub-nitens. 57 
Figure 2.16 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in S. sub-nitens. 57 
Figure 2.17 Partial gas chromatogram of the total lipid extract of a 
Polytrichum species bog moss. 59 
Figure 2.18 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in a Polytrichum species 
bog moss. 59 
Figure 2.19 Partial gas chromatogram of the total lipid extract of Aulacomnium 
palustre. 61 
Figure 2.20 Distributions and abundances of (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in A. palustre. 61 
Figure 2.21 Partial gas chromatogram of the total lipid extract of Hypnum 
cupressiforme. 63 
Figure 2.22 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in H. cupressiforme. 63 
Figure 2.23 Partial gas chromatogram of the total lipid extract of Eriophorum 
vaginatum. 65 
Figure 2.24 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in E. vaginatum. 65 
Figure 2.25 Distributions and concentrations of 5-n-alkylresorcinols in: (a) 
Eriophorum vaginatum, (b) E. angustifolium, (c) Trichophorum 
cespitosum, and (d) Rhynchospora alba. 66 
Figure 2.26 Partial gas chromatogram of the total lipid extract of Eriophorum 
angustifolium. 68 
Figure 2.27 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in E. angustifolium. 68 
Figure 2.28 Partial gas chromatogram of the total lipid extract of 
Trichophorum cespitosum. 70 
Figure 2.29 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in T. cespitosum. 70 
Figure 2.30 Partial gas chromatogram of the total lipid extract of 
Rhynchospora alba. 72 
Figure 2.31 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in R. alba. 72 
X111 
Contents 
Figure 2.32 Partial gas chromatogram of the total lipid extract of Empetrum 
nigrum. 74 
Figure 2.33 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in E. nigrum. 74 
Figure 2.34 Partial gas chromatogram of the total lipid extract of Vaccinium 
oxycoccus. 76 
Figure 2.35 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in V. oxycoccus. 76 
Figure 2.36 Partial gas chromatogram of the total lipid extract of Erica 
tetralix. 78 
Figure 2.37 Distributions and abundances of: (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in E. tetralix. 78 
Figure 2.38 Partial gas chromatogram of the total lipid extract of Calluna 
vulgaris. 80 
Figure 2.39 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in C. vulgaris. 80 
Figure 2.40 Partial gas chromatogram of the total lipid extract of Andromeda 
polifolia. 82 
Figure 2.41 Distributions and abundances of. (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in A. polifolia. 82 
Figure 2.42 Partial gas chromatogram of the total lipid extract of a Cladonia 
species lichen. 85 
Figure 2.43 Distributions and abundances of: (a) n-alkanes, (b) wax esters, 
(c) n-alkanols, and (d) n-alkanoic acids in a Cladonia species 
lichen. 85 
Figure 2.44 Comparison of the distributions and abundances of (a) n-alkanes, 
(b) wax esters, (c) n-alkanols, and (d) n-alkanoic acids in the 
extracts of replicate samples of Sphagnum magellanicum, 
collected at 40 m intervals from the centre of the bog 87 
Figure 2.45 813C value plots of replicate Sphagnum magellanicum samples 91 
Chapter 3 
Figure 3.1 Diagram showing plant macrofossil composition from 0 cm to 
40 cm below the surface. 107 
Figure 3.2 30 year-running-average July temperature for the past 230 years 
[Manley (1974)] 108 
Figure 3.3 TOC, hydrogen and nitrogen profiles at Bolton Fell Moss along 
with the ratio of Corg to N. 110 




Figure 3.5 Logarithmic plot of the ratio of n-C23 to n-C31 alkane abundances 
down profile (left) compared with a plot of the varying proportion 
of Sphagnum macrofossils in an immediately adjacent profile 
(right) 113 
Figure 3.6 Plot showing the variation of the C23/C31 n-alkane ratio correlating 
with temperature and precipitation. 114 
Figure 3.7 Variations in CPI (left) and ACL (right) of n-alkanes down the 
profile. 115 
Figure 3.8 Distributions of the n-alkanol homologues detected in the peat 
horizons. 118 
Figure 3.9 Distributions of the 5-n-alkylresorcinol homologues detected in 
the peat horizons. 120 
Figure 3.10 A comparison between the total concentration of 5-n-alkyl 
resorcinols and the abundance of sedge macrofossils. 121 
Figure 3.11 Variation in the relative abundances of 5-n-alkylresorcinols, and 
sterols and stanols expressed as a ratio of their total abundances. 122 
Figure 3.12 Plot showing the variation in the 5-n-alkylresorcinol/sterol+stanol 
ratio correlating with temperature and precipitation. 123 
Figure 3.13 Distributions of the n-alkanoic acid homologues detected in the 
peat horizons. 125 
Figure 3.14 Variation in the CPI and ACL of n-alkanoic acid distributions 
with depth. 126 
Figure 3.15 Variation in 813C values of bulk peat from Bolton Fell Moss. 128 
Figure 3.16 Plot showing the variation in 6'3C values of bulk peat, corrected 
for the depletion caused by the burning of fossil fuels (Friedli et 
al., 1986), correlating with temperature and precipitation. 130 
Figure 3.17 Plot of changing stable carbon isotopic composition of n-tricosane 
(C23) with depth. 133 
Figure 3.18 Plot of the variation of compound-specific 813C values of n- 
tricosane (C23), corrected for depletion caused by the burning of 
fossil fuels (Friedli et al., 1986), correlating with temperature 
and precipitation. 134 
Chapter 4 
Figure 4.1 Diagram showing macrofossil record determined between 250 
cm and 500 cm (Mauquoy, Maddy and Chambers, pers. comm. ) 140 
Figure 4.2 Plots comparing (a) Sphagnum macrofossil abundance, (b) 
Logarithmic plot of the ratio of the abundances of n-C23/n-C31i 
(c) average chain length, and (d) carbon preference index of 
n-alkane distributions. 144 
xv 
Contents 
Figure 4.3 Diagram comparing varying proportion of Sphagnum macrofossils 
(a), with the relative abundances of n-C23 to n-C31 alkanes (b), 
n-C25 to n-C31 (c), and n-C21 to n-C31 (d) down profile. Note that 
the relative abundances of the n-alkanes are plotted on a 
logarithmic scale. 147 
Figure 4.4 A comparison between the total concentration of 5-n-alkyl 
resorcinols and the abundance of sedge macrofossils. 148 
Figure 4.5 Variation in the relative concentrations of 5-n-alkylresorcinols/ 
(sterols+stanols). 151 
Figure 4.6 Variation in S13C values of bulk Bolton Fell Moss peat, depths 
250-500 cm. 152 
Figure 4.7 Variation in S13C values of n-tricosane (C23) over the interval 
250-500 cm. 157 
Chapter 5 
Figure 5.1 Molecular structures of (a) sphagnum acid, and (b) 4-isopropenyl 
phenol. 163 
Figure 5.2 Mechanisms for the formation of (b) 4-isopropenylphenol from 
(a) sphagnum acid [after van der Heijden (1994)]. 164 
Figure 5.3 Diagram showing macrofossil components from depths 250-500 
cm. 166 
Figure 5.4 Py-GC/MS total ion chromatograms (TIC) of insoluble organic 
matter in (a) Sphagnum magellanicum, and (b) S. imbricatum. 169 
Figure 5.5 Py-GC/MS TIC of insoluble organic matter in (a) Eriophorum 
Vaginatum, and (b) Erica tetralix. 170 
Figure 5.6 Py-GC/MS TIC of insoluble organic matter in (a) Sphagnum 
imbricatum, and (b) peat horizon 394-395 cm depth. 176 
Figure 5.7 Py-GC/MS TIC of insoluble organic matter in (a) Eriophorum 
vaginatum, and (b) peat horizon 442-443 cm depth. 177 
Figure 5.8 Plots of various parameters down profile [(b)-(d)] compared with 
the varying proportion of Sphagnum macrofossils [(a)] in core. 180 
Figure 5.9 Hydroxybutenolide -a decay product of sphagnum acid. 181 
Chapter 7 
Figure 7.1 Schematic of the experimental protocol utilised. 194 
Figure 7.2 A schematic of the CE Instruments NC2500 elemental analyser 









Structures of alkyl lipids identified. 
Sterol backbones and side-chains identified. 
Structures of pentacyclic triterpenoid components identified. 
Hopanoid components identified. 








List of Tables 
Chapter 2 
Table 2.1 Details of peat forming plants collected for analysis. 39 
Table 2.2 Bulk 813C values of the peat forming vegetation. 88 
Table 2.3 Compound specific 813C data for the individual homologues of 
selected n-alkanes derived from peat forming plants. 90 
Chapter 3 
Table 3.1 A summary of the 813C values obtained for bulk peat and for 
selected n-alkane components isolated from lipid extracts of this 
peat. All values are expressed in %o relative to PDB. 132 
Chapter 4 
Table 4.1 Individual n-alkane homologue data for peat horizons expressed 
as percentage composition. 142 
Table 4.2 Characteristics of the 5-n-alkylresorcinol components of various 
horizons of mid-Holocene peat. 149 
Table 4.3 813C values for bulk peat and for selected n-alkane components 
of the lipid extracts of mid-Holocene peat. All values are 
expressed in %o relative to PDB. n. d. = not determined. 154 
Chapter 5 
Table 5.1 Products resulting from py-GC/MS of plant and peat samples. 167 
Table 5.2 Summary of py-GC/MS derived marker compounds found in suite 
of plant samples. Numbers refer to compounds listed in Table 5.1.171 
Chapter 7 
Table 7.1 Summary of internal standards and associated chemical fractions. 196 
Table 7.2 Reproducibility of pyrolysis results. 201 
Appendix 
Table Al Individual n-alkane homologue data for sub-recent peat horizons 
expressed as percentage composition (Chapter 3). 229 
Table A2 Individual n-alkanol homologue data for sub-recent peat horizons 
expressed as percentage composition (Chapter 3). 230 
xviii 
Contents 
Table A3 Individual n-alkanoic acid homologue data for sub-recent peat 




Chapter 1 Introduction 
1.1 Sources of Information on Past Environments 
The reconstruction of past environments has been an area of intensive interest over the 
last decade, stimulated by increasing concerns over global environmental change. 
Particular attention has been directed toward the environmental conditions over the time 
during which humans have inhabited the Earth. This period, called the Quaternary, is 
the most recent geological period spanning approximately the last 2 million years (Ma), 
up to and including the present day, and together with the Tertiary it forms the fourth 
great geological era, the Cainozoic. The Quaternary has been a period of remarkably 
frequent and rapid changes in climate (Williams et al., 1993) ranging from widespread 
glacial activity (glacials) to intervening warm periods (inter-glacials), during which 
temperatures were similar or possibly even warmer than those experienced today. Only 
after the end of the last glaciation (c. 10,000 BP) during the Holocene have climates 
taken on a recognisably modern form. These climatic changes have been a major factor 
in the shaping of the world's landscapes and ecosystems, along with other natural 
processes such as vegetational changes. Over the Holocene these factors have 
diminished in influence as time has progressed whilst human impact has steadily 
increased. 
Evidence of palaeoenvironments and climatic change comes from a variety of sources, 
proxy records being by far the most widely used. The term proxy is used to refer to any 
line of evidence that provides an indirect measure of former climates or environments 
(Ingram et al., 1981), and can include materials as diverse as pollen grains, insect 
remains, glacial sediments and tree rings, as well as data on crop yields, harvest dates 
and parish records (Bell & Walker, 1992). Therefore it is obvious that proxy records 
originating from different sources will differ in age, longevity, sensitivity, resolution 
and completeness. The categories into which climate proxies fall can be simplified to 
four main areas: marine records (e. g. ocean sediments), terrestrial records (e. g. lake 
sediments), ice core records and documentary records (e. g. historical and instrumental). 
Although documentary records, stored on paper and in memory, constitute a useful 
source of information on past climates, they are restricted to relatively short time scales. 
For example, parameteorological phenomena [i. e. those that are governed by climate 
(Bradley, 1985)] are described in records that extend back no further than a few 
millennia (e. g. Lamb, 1977), whilst some of the longest records using instrumental 
observations cover only the last few centuries [e. g. the series of mean monthly 
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temperatures for central England dating back to 1659 (Manley, 1974)]. Furthermore, the 
limitations of geographical areas covered and uncertainties in the accuracy and 
reliability of this type of data impose considerable constraints on its usefulness. 
Palaeoclimate research has thus tended to be angled toward the remaining three 
categories with the emphasis historically being on those records stored in ice sheets and 
marine sediments, some researchers doubting the potential usefulness of the terrestrial 
record. 
It is important at this stage to point out that as research into palaeoclimates has gathered 
momentum, in turn this has driven vital advances in dating techniques, since these are 
fundamental in the reconstruction of past environments. Without a reliable chronology 
events which have occurred would be left floating aimlessly in time and in the absence 
of independent dating methods, environmental and archaeological evidence would have 
to be used to provide chronologies, robbing this evidence of much of its potential 
meaning (Roberts, 1998). Perhaps the greatest leap forward in methodological terms 
was the discovery of radiocarbon dating, a technique pioneered by William Libby (e. g. 
Libby et al., 1949; Libby, 1955). The subsequent rapid development of this technique 
has led to it becoming the most accepted dating method for the late Quaternary, 
extending to c. 40 ka BP (Bowman, 1990) although some claim reliability up to c. 75 ka 
BP (Grootes, 1978). Following this has been the development of numerous 
chronostratigraphic methods, many tailored for application in a wide variety of studies. 
These include other radiometric methods (e. g. potassium-argon dating, uranium series 
dating, lead dating, caesium dating, luminescence dating), incremental methods (e. g. 
dendrochronology, lichenometry, varve accumulation), age equivalence methods (e. g. 
palaeomagnetism, tephrochronology) and relative age methods (e. g. amino acid 
racemization). 
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1.2 Palaeoclimate Proxies 
The field of palaeoclimate research `exploded' in the second half of the 20`h century as a 
response to growing concerns over the effects of anthropogenic activities. The 
increasing recognition that escalating outputs of carbon dioxide may be affecting the 
climates of Earth has resulted in a need to know and understand the changing climates 
of historic and prehistoric times. Once the mechanisms forcing climate change are 
known and any patterns recognised then the effect of man's activities can be evaluated. 
Thus, means of determining changes in past climates and environments have been 
sought, often in the form of proxies. This has involved the measurement of parameters 
that indirectly reflect former prevailing climates and/or environments; several of these 
are discussed in this section. 
Marine Records 
As previously intimated it is the proxy records derived from marine sources that have 
been of the most interest to researchers to date. Perhaps the simplest of these proxies is 
the morphological evidence derived from sediments and the landforms they comprise. 
For example, former episodes of low sea level are indicated by submerged landforms in 
present offshore areas and evidence for higher previous sea levels include erosional 
features at altitudes higher than present shorelines (Bell & Walker, 1992). In addition, 
stratigraphic sequences of preserved sediments show areas where terrestrial deposits 
(e. g. peats) are overlain by marine deposits, indicating a rise in sea level, and vice versa 
(Lowe & Walker, 1984). This information reflects the rate of melting of global ice and 
hence fluctuations in global temperatures and so constitutes valuable qualitative 
information. However, information of this type only provides continuous records 
extending back 250 ka, and so for longer climate records at higher resolutions deep 
ocean sediments have been utilised, which provide evidence extending back some 200 
Ma (Barnes, 1999). These long cores contain a fossil record of the Earth's changing 
climate, the fossils including diatoms (microscopic unicellular algae), ostracods 
(crustaceans) and foraminifera (protozoans). These have commonly been used in 
reconstructing sea level changes and, in conjunction with each other and other forms of 
proxy data, for palaeoceanographic and palaeoclimatic work. 
The realisation that deep ocean sediment cores contained a fossil record of the Earth's 
changing climate was exploited by Emiliani (1955), who proposed that the changing 
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ratio of 180/160 reflected the varying composition in seawater at the time of 
incorporation into carbonate shells and skeletons of marine organisms. This ratio has 
varied over time with temperature as a result of evaporation of seawater, a process 
known as fractionation (see Craig, 1953). Discrimination against the heavier isotopes 
due to differences in vapour pressure means that the water vapour will be depleted in 
these isotopes; i. e. H2160 evaporates into the atmosphere preferentially to H2180. This 
ratio is conventionally expressed as a relative deviation from the mean value of a 
standard, in units of parts per thousand, where: 
88180 =Ra le -R tandard 
Rstandard 
R being the ratio of 180 to 160. For present day water the standard is Standard Mean 
Ocean Water (SMOW), given an arbitrary value of 0%o. The 8180 values of planktonic 
foraminifera produce a record that can be interpreted as reflecting changes in seawater 
temperature (e. g. Ruddiman et al., . 1986). The oxygen isotope record produced from 
benthic organisms is however taken to reflect fluctuations in ice sheet volumes. This is 
because during glacial periods polar ice sheets increased in size resulting in large 
amounts of the lighter isotope being sequestered therein. Therefore, cold periods of the 
Quaternary resulted in isotopically heavier ocean waters, whilst interglacials reversed . 
this trend. The isotopic trace can therefore be regarded as a record of palaeoglaciation 
(Shackleton, 1977). The stable isotopes of carbon (13C/12C; 613C) have been less widely 
used in palaeoceanography but are valuable in differentiating between terrestrial and 
marine sources, reconstructing atmospheric C02, and determining the changing rates of 
organic productivity in the biosphere (Shackleton et al., 1983; Barnes, 1999). 
Reconstruction of atmospheric CO2 levels relies on a reliable yardstick for correlation 
purposes, which can be provided by ice core records. However, marine records should 
permit the extrapolation of CO2 records to times earlier than those for which ice core 
records are available (Jasper & Hayes, 1990). More recently palaeoceanographic 
research has been exploring the use of isotope ratios of other elements such as 
strontium, neodymium, cerium and boron as proxies for environmental conditions. 
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Ice Core Records 
Ice cores contain highly detailed records of climate history. Analysis of ice cores from 
Greenland, Antarctica and some of the smaller ice caps have revealed a record of annual 
increments of snow and ice accumulation extending back in some cases to the last 
interglacial. For example, a core from Camp Century, northwest Greenland was 
obtained with a length of 1390 m (Epstein et al., 1970). These annual increments of 
frozen precipitation contain `snapshots' of atmospheric composition and climatic 
conditions at the time of their deposition, hence, a great deal of information can be 
gained from ice cores. It should be noted that although most ice cores have been 
retrieved from polar ice caps, tropical high altitude ice caps have also proved valuable 
sources of information (Thompson, 1999). 
Measurements of 5180 values give an indication of global climatic changes. As 
discussed previously, during cold phases large amounts of 160 are locked up in the 
expanded polar ice sheets, indicated by relatively depleted 6180 values. Conversely, a 
warmer climate is inferred from relatively enriched 5180 values. This has been revealed 
by oxygen isotope analyses from Camp Century and from Devon Island in the Canadian 
Artic (Paterson et al., 1977), with remarkable similarities observed between the two 
traces. This pattern has also been reflected in 5180 profiles from the Antarctic ice sheet 
(e. g. Epstein et al., 1970; Johnsen et al., 1972). Unfortunately, at lower depths the 
annual accumulation layers become compacted and thus become steadily less visible, 
leading to a problem with time calibration. Therefore, certain theoretical assumptions 
must be made and age/depth relationships have been calculated on the basis of generally 
accepted models of glacier flow. 
Ice cores are also an important source of information on past carbon dioxide 
concentrations. Measurement of the composition of ancient air in bubbles trapped in the 
ice reveal concentration levels of the various atmospheric gases and if taken to be 
representative of the prevailing atmospheric conditions of the time will provide a record 
of these gases over time. The reliability of these records has been demonstrated by 
measuring the increase in atmospheric CO2 over the last two centuries, which is known 
to have increased as a result of the Industrial Revolution. Evidence from polar ice cores 
clearly show this effect (e. g. Nelel et al., 1985). Measurements of the carbon isotope 
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composition of atmospheric CO2 over the last two centuries mirror this effect, values 
becoming more depleted over time consistent with CO2 released from fossil fuel 
combustion and biomass destruction (e. g. Friedli et al., 1986). The use of carbon 
isotope ratios has been extended to the last glacial period to derive information about 
the driving force behind CO2 fluctuations (e. g. Leuenberger et al., 1992). 
Terrestrial Records 
Terrestrial records are very diverse and their sources include lakes, peat bogs, caves and 
tree rings. Of these lakes have been perhaps the most carefully studied since lake basins 
are natural sediment traps and frequently contain a history of deposition spanning 
thousands of years (Oldfield, 1978). Lake sediments are ideal media for the preservation 
of a range of macroscopic and microscopic fossils, the identification of which enable 
deductions about palaeoenvironmental conditions to be made. Macrofossils used 
include plant remains, freshwater mollusca and fossil insects, whilst of great use in the 
microfossil category are pollen and spores, diatoms, cladocera and ostracods, and 
charcoal particles. The most commonly used techniques, of those listed, frequently used 
together in a multi-proxy approach (e. g. Waller et al., 1999), are macrofossil plant, 
pollen and diatom analyses. Macroscopic plant remains are frequently deposited close to 
the original point of growth and hence provide data on the changing vegetational 
communities. When present over a number of sediment layers a plant macrofossil 
record can be built up reflecting the plant communities' response to changing climate 
and environment. Pollen grains (originating from seed producing plants) are dispersed 
over a wide area and thus the record preserved in sediments reflects regional 
vegetational cover. Therefore, fossil pollen identified in stratified sediments provides a 
record of vegetational (and hence environmental) change through time (e. g. Higuera- 
Gundy et al., 1999). Diatoms (microscopic unicellular algae) are found in lakes and 
other aqueous environments, their distributions being controlled by a range of 
environmental variables (e. g. pH, mineral and nutrient concentration, degree of 
oxygenation of the water, water temperature). Fossil diatoms found in lake sediments 
are used to provide evidence of changes in lake water levels, vegetation and climate. 
(Bell & Walker, 1992). Determination of the stable isotope compositions of carbon and 
oxygen of insoluble lake carbonate (marl; precipitated where large numbers of 
submerged aquatic plants and algae utilise dissolved CO2 for photosynthesis) has been 
performed in an effort to gain information about former precipitation and temperature 
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levels, and hence provide a potential means of reconstructing past climates (Bell & 
Walker, 1992). 813C and 5180 analyses have also been employed to provide evidence 
for the influences of catchment lake basement hydrology on both carbon and water 
balance of lakes (Wolfe et al., 1996). 
One of the most valuable terrestrial archives for palaeoecological research are peat bogs 
(Godwin, 1981). Peats develop in waterlogged localities where the breakdown of plant 
material is hindered by anaerobic conditions, and when the only source of water and 
nutrients is through precipitation, these mires are termed ombrotrophic mires. Therefore 
these deposits are an ideal medium for the preservation of fossil evidence and perhaps 
more importantly, since peat development is closely related to climatic variation 
(Barber, 1985) the stratigraphy of ombrotrophic mires is a proxy record of climate 
change. Examples of palaeoclimate research using peat stratigraphy include the 
development of surface wetness curves for raised bogs using macrofossils and other 
palaeobotanical evidence (Barber, 1981) and the reconstruction of cyclic short-term 
climate change in the Holocene (Aaby, 1976). Stable-isotope analyses of peats have 
focussed on isotopes of carbon, oxygen and hydrogen. Observed 813C records for plant 
macrofossils in peat have been used to reconstruct atmospheric CO2 concentrations 
(White et al., 1994; Figge & White, 1995), whilst those, in homogeneous peat samples 
were reported to reflect late Quaternary climate change (Sukumar et al., 1993) and to 
depict biomass changes in the late Quaternary (Aucour et al., 1994). Information on 
climatic change has been gained using 5180 and SD values, these being used to 
reconstruct variations in temperature and precipitation over the Holocene (Schiegl, 
1971; Brenninkmeijer et al, 1982). Ombrotrophic mires (and more specifically raised 
bogs) will be discussed in greater detail later in this chapter. 
Evidence from soils is short-lived and therefore a lot of the information gained enables a 
picture to be constructed only of relatively recent times. Soils can contain a wealth of 
information on anthropogenic activity however, especially in relation to agricultural 
practices: e. g. cultivation, manuring and agricultural systems (Roberts, 1998; Bull, 
1997). Soils buried below sediments or archaeological monuments (palaeosols) also 
contain a considerable amount of useful data. Pollen grains (preserved in acid soils such 
as podzols or brown earths) and fossil mollusca (often preserved in calcareous soils) can 
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provide evidence of former vegetational and climatic. Stable carbon isotope ratios of 
soil organic matter have been proposed to have potential to reconstruct vegetational 
histories and potentially climate (e. g. Boutton et al, 1993). 
Detailed physical and chemical analyses of cave sediments can provide valuable data 
concerning climate change and anthropogenic activity. Caves form natural sediment 
traps and contain materials that originate from within the caves along with sediments 
that arrive from without. The former category includes scree, rock rubble, cave earth 
(derived from weathering of cave walls) and speleothems (e. g. stalagmites, stalactites). 
The latter category includes aeolian, fluvial, and glacial deposits. Scree material is 
usually interpreted as products of frost weathering and therefore indicates cold climates, 
whereas speleothem formation is often associated with warmer (or in the tropics, wetter) 
climates (Williams et al., 1993). Isotope analyses of speleothems have been used to 
reconstruct patterns of climate change over timescales spanning thousands of years 
(Atkinson et al., 1986) since in deep caves speleothems tend to form in isotopic 
equilibrium with their parent seepage waters and so will contain an isotopic record of 
the composition of cave waters throughout the period of accumulation. In temperate 
latitudes the 8180 values in cave waters are closely controlled by temperature and so the 
isotopic trace provides a proxy record of climate change (Lowe & Walker, 1984). , 
The study and use of tree rings has two main sub-fields; dendrochronology (mentioned 
earlier) and dendroclimatology. Dendroclimatology exploits the differential growth of 
tree rings from year to year as a result of climate and environmental conditions. 
Favourable environmental conditions lead to the formation of wide growth rings, while 
adverse conditions result in narrow rings, producing a sequence of broad and narrow 
rings. Climate is the main environmental factor that causes ring width variation 
although the interpretations can be varied: for example a narrow ring could be the result 
of a cold summer and/or low rainfall. (Roberts, 1998). The isotopic composition of 
cellulose of tree rings can reflect changes in temperature (S18O6SD), precipitation (S1 80, 
SD), humidity (8D) and atmospheric CO2 (S13C) (Bell & Walker, 1992; February & 
Stock, 1999). 
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1.3 Biomarkers and Palaeoclimate 
The preservation of lipids in the sedimentary record provides a potential source of 
information for reconstructing palaeoenvironmental conditions. Lipids are organic 
molecules, produced by organisms, that are effectively insoluble in water but are soluble 
in certain organic solvents, and include vegetable oils, plant waxes and, animal fats to 
name but a few (e. g. Tissot & Welte, 1984). As these organisms perish their constituent 
lipids (and other biochemicals comprising the organisms' biomass) enter the 
environment and become susceptible to chemical and biological degradation. A certain 
fraction of these lipids will be preserved intact, or with minor structural modification, 
within sediments accumulating over time. The identification and realisation that certain 
lipids were characteristic of a specific class, family or even genus of organism led to 
these compounds being termed `chemical fossils', `molecular fossils' or `biological 
marker compounds' (Eglinton & Calvin, 1967; Eglinton & Murphy 1969). The 
production of lipids by organisms is often dependent on prevailing environmental 
conditions, such as temperature, light and nutrient availability. Therefore these 
`biomarkers' comprise chemical records of organisms in ancient environments and 
analysis of these records can throw light on the environmental conditions of the time 
that the organisms thrived. Much recent research has attempted to characterise complex 
mixtures of these compounds found in sediments, and to relate them to their biological 
precursors and hence most probable sources. There have now been several hundred of 
these so-called `biomarkers' identified in sediments and their precursors/sources 
characterised, making them a vital organic geochemical tool (Peters & Moldowan, 1993 
and references therein). Studies investigating the changes in these biomarker 
compounds over time (i. e. down through a sediment core) have been termed molecular 
stratigraphical studies, and interpretation of palaeoenvironments and changes in 
conditions using molecular stratigraphy has become a widely and successfully used 
approach (e. g. Brassell et al., 1986; Farrimond et al., 1990; Conte et al., 1992). 
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1.3.1 Marine Sediments 
Of the large range of biomarkers used in palaeoceanographic research over recent years 
the C37 di-, tri-, and tetraunsaturated alkenones (Fig. 1.1) have received widespread 
attention. These methyl and ethyl ketones were first identified in sediments from Walvis 
Ridge off SW Africa during DSDP Leg 40 and have since been detected in sediments 
beneath all the oceans (Brassell et al., 1980; Marlowe, 1984; ten Haven et al., 1987, 
1992; Poynter et al., 1989; Farrimond et al., 1990; ten Haven & Kroon, 1991; Zhao et 
al., 1993,1995; Pelejero & Grimalt, 1997; Pelejero et al., 1999). In open marine waters 
Figure 1.1 C37 di-, tri-, and tetraunsaturated alkenones. 
these compounds are known to be synthesised by a few species of the Haptophyceae, 
including Emiliania huxleyi and Gephyrocapsa oceanica (Volkman et al., 1980; 
Marlowe et al., 1984), and hence determination of the quantities of the alkenones has 
become a useful proxy for palaeoproductivity (e. g. Prahl et al., 1988). However, 
perhaps more importantly the relative content of C37: 23, C37: 3 and C37: 4 alkenones in 
ocean sediments appeared to be related to the growth temperature of their source algae 
(Brassell & Eglinton, 1984). This relationship was confirmed by laboratory testing of 
cultures grown at different temperatures verifying the dependence of the degree of 
alkenone unsaturation upon climate (Brassell et al., 1986, and references therein). It has 
been speculated that this is a result of such aquatic organisms being able to change the 
molecular composition of their lipid bilayer so that membrane fluidity is maintained. 
The relationship between temperature and relative composition of C37 alkenones is 
calculated according to the ratio: 
UK37 = [C37: 21 - 
[C37: 41 /( [C37: 21 + [C37: 31 + [C37: 41 
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UK37 is defined as the alkenone unsaturation index and its values increase with growth 
temperature. These values can be converted to ambient water temperatures via a number 
of calibration equations that differ according to the oceanographic setting (e. g. Cacho et 
al., 1999, and references therein). 
In certain areas of the world's oceans, such as warm tropical waters, the C37: 4 alkenone 
is absent. In cases such as these the UK'37 index has been used in which this component 
is excluded (e. g. Müller et al., 1998). In sediments underlying equatorial waters values 
of relative abundance are close to unity whilst in sediments beneath the much cooler 
Southern Ocean values are skewed by the predominance of the triunsaturated alkenone 
(Sikes & Volkman, 1993). These relative abundances approximate to near-surface 
temperatures at the time of maximum biosynthetic activity (i. e. spring) since the algae 
generating these compounds do so in the photic zone. 
The potential of this proxy to reconstruct temperature was underlined by Brassell et al. 
(1986) who obtained results from a site off West Africa that revealed a general 
correlation between UK37, planktonic foraminiferal 5180 values and temperature 
reconstructions from foraminiferal assemblages over the last 500 Ka. Potential sources 
of observed discrepancies were thought to include diagenetic alteration of the alkenone 
distributions and changes in speciation of the phytoplankton biosynthesising the 
alkenones. Degradation certainly affects these compounds, particularly under oxic 
conditions (Prahl et al., 1989), but it has been shown through laboratory experiments to 
have a comparable effect on all alkenones with UK37 values not showing any significant 
signs of degradation effects (Teece et al., 1998). Variation in speciation could affect 
alkenone composition since possible differences exist in alkenone unsaturation and 
temperature response between morphophytes of the same species, and alkenones can be 
produced at various depths, and hence temperatures, by populations of a single species 
(Conte et al., 1998). In spite of this, palaeotemperature and palaeoclimate 
reconstructions using UK37 have been useful, particularly in areas where Emiliania 
huxleyi predominates (e. g. Rosell-Mele et al., 1998). 
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A second important biomarker proxy recently applied to palaeoenvironmental 
reconstructions is the abundance of chlorins (Fig. 1.2), a proxy for palaeoproductivity. 
Chlorins are sedimentary phaeopigments that are the result of a series of transformation 
processes undergone by chlorophylls. These transformations include demetallation of 
the magnesium chelate and occur either within the water column or at the 
sediment/water interface. Chlorophyll is utilised to convert light energy to chemical 
energy during the process of photosynthesis and there is approximately 109 tons of it 
produced and destroyed annually. The majority of this is located in the oceans contained 
within phytoplankton, which have short generation times, and thus documenting this 
regeneration would produce a measure of oceanic primary productivity. However, 
reconstructing past changes in photosynthetic production from chlorophyll abundance is 
significantly limited by biodegradation. Therefore its preservation in a diagenetically 
altered form enables a proxy signal of palaeoproductivity to be obtained and interpreted. 
The potential use of chlorins as a proxy in a high resolution molecular stratigraphic 
study was first illustrated by Harris and Maxwell (1995). They determined variations in 
the chlorin accumulation record by fluorescence analysis over a section of ODP Core 
658C, relating to the interval 0-350 ka BP. ' Observed chlorin concentration maxima 
corresponded with significant peaks in biogenic opal and TOC accumulation records, 
with a good overall correlation being evident. This led to the conclusion that the chlorin 
accumulation rate may serve as a proxy signal for palaeoproductivity. The chlorin 
record for Hole 658C was further investigated by Harris et al. (1996) who documented 
chlorin concentrations at high resolution intervals ranging back over the last 350 ka, in 
comparison with biogenic opal and TOC records. They observed that chlorin maxima 
coincided with both peaks in the accumulation rates of opal signifying the end of glacial 
terminations, and with maxima in the TOC record between these `Termination events'. 
This suggested that chlorins are a unique proxy, in that they could act as a measure of 
all primary producers utilising chlorophyll a as the major photosynthetic pigment. 
Chlorin detection and abundances in sediments from the Nordic Seas have been 
interpreted as indicators of rapid and abrupt changes in the oceanic and climatic 
circulation system (Rosell-Mele & Koc, 1997). The observed presence of chlorins in 
sediments originating from the Younger Dryas and end of the last glacial period 
indicated photosynthetic activity, suggesting at least some open-ocean conditions during 
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ice-free episodes in these cold periods. In addition, chlorins and porphyrins (late stage 
diagenetic products of chlorins) have been used by Rosell-Mele et al. (1997) to detect 
Heinrich Events in the North Atlantic. Porphyrins have only been observed in ancient 
sediments and so their presence in these younger sediments was interpreted as 
indicative of ice-rafted debris (i. e. ice-rafted ancient sediments). Abrupt significant 
changes in the accumulation records of chlorophyll-derived pigments from Heinrich 
layers were assigned to oceanic conditions produced by ice rafting. 
Schubert et al. (1998) took a combined pigment and lipid analysis approach with a 
sediment core, covering the past 200 ka, from the NE Arabian Sea. They reported a 
correlation in the concentration maxima of dinosterol (of dinoflagellate origin), 
brassicasterol (diatom), alkenones (prymnesiophytes) and chlorins (chlorophyll 
production), which also coincided with maxima in the TOC record. A distinct lack of 
correlation was observed with other lipid terrestrial biomarkers, such as n-alkanes and 
n-alkanols, confirming the predominantly marine source of chlorins. Conclusions from 
this work included the identification of chlorins as a useful proxy for total primary 
production. 
1.3.2 Terrestrial Sediments 
Terrestrial sediments have been less frequently analysed with the aim of providing 
palaeoenvironmental proxies. However, of the different types of terrestrial sediments 
that accumulate, those from lacustrine environments have been the focus for the 
majority of researchers because lake basins are natural sediment traps and frequently 
contain a history of deposition spanning thousands of years (Oldfield, 1978). The 
organic geochemistry of lake sediments has been extensively studied (e. g. Gaskell & 
Eglinton, 1976; Cranwell, 1976,1981,1984,1985; Cranwell et al., 1987; Meyers & 
Ishiwatari, 1993), however, detailed molecular stratigraphic studies have been less 
widespread (e. g. Cranwell, 1973; Meyers et al., 1984; Wünsche et al., 1987). Increasing 
scientific concern about potential future climate changes as a result of rapidly rising 
concentrations of CO2 in the atmosphere today has resulted in a renewed interest in past 
periods when similar changes occurred. Therefore studies utilising molecular 
stratigraphic techniques have increasingly focussed on lake sediments (and other 
continental records) since the information they contain on environmental response to 
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climate change is of most relevance to anthropogenic activity. An example of a recent 
biogeochemical study of a lake sediment core in order to elucidate palaeoenvironmental 
information is that by Ficken et al. (1998b). They aimed to identify lipid biomarkers of 
specific biological origin in the sediments of Lake Nkunga, Mt. Kenya (East Africa) and 
to use compound-specific carbon isotope values of individual biomarkers from land 
plants and aquatic organisms to reconstruct glacial/interglacial ecophysiological 
changes within the lake and its surrounding catchment. The core studied spanned the 
early last glacial and the late Holocene and the results were interpreted in terms of past 
changes in climate, vegetation and atmospheric CO2 concentrations. The results 
obtained suggested three sources of organic matter as implied by the distributions of n- 
alkyl lipids (n-alkanes, n-alkanols, n-alkanoic acids). Short-chain length n-alkanoic 
acids (C16 and C18) were assigned to algal input and long-chain n-alkyl lipids (C2$_31) 
were ascribed to terrestrial plants. The mid-chain length n-alkyl lipids (C22.25) were 
ascribed to aquatic macrophytes, particularly submerged and floating species which 
were a major contributor of organic matter at this site. The measured S13C values for 
these biomarkers were observed to exhibit parallel trends which the authors suggested 
inferred that the same causal factors influenced the vegetation around the lake and the 
macrophytes and algae within it. These trends were -interpreted for the individual 
biomarker classes as indicating ecological changes (e. g. changes in the relative 
abundances of C3/C4 plants; principal carbon source) as driven by environmental 
changes (pCO2i precipitation; pH). This study emphasised the need for further data 
regarding specific biomarkers for aquatic macrophytes and for lacustrine diatoms and 
microalgae, and to categorise them according to their principal carbon source. 
Huang et al. (1999) echoed this approach when investigating sediments from Sacred 
Lake, Mt. Kenya (East Africa). They conducted molecular stratigraphic analyses, 
including lipid distributions and compound-specific 813C measurements, on sections of 
a sediment core extending from the last glacial (>40,000 cal. yr BP) through the present 
interglacial, using source-specific biomarkers to independently assess terrestrial and 
aquatic organic matter sources. The 813C values of long-chain n-alkyl lipids from 
terrestrial higher plants exhibited a large glacial to interglacial shift, with those from the 
last glacial maximum (LGM; -20 to -1 8%o) indicating a terrestrial vegetation dominated 
by C4 grasses or sedges whereas those from the early Holocene (-34 to -27%o) reflecting 
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recolonization of the catchment area by C3 plants. Specific algal biomarkers were 
characterised as a number of isoprenoid hydrocarbons (e. g. Fig. 1.3) and detected in 
abundance. These compounds displayed a major 813C shift of over 25%o between the 
last glacial maximum (-5.1%o) and the beginning of the Holocene (-30.3%o), correlating 
with a major change in molecular distributions of the algal marker compounds; acyclic 
isoprenoid hydrocarbons dominating the last glacial maximum and cyclic isoprenoid 
hydrocarbons the Holocene. This was suggested to indicate a change in population from 
one strain of algae that preferred alkaline conditions with low [CO21(aq) to another that 
was more competitive under acid conditions with high [CO2](aq). The authors concluded 
that since low atmospheric pressure of CO2 (pCO2) at the LGM would favour 
photosynthetic organisms possessing C02-concentrating mechanisms, such as terrestrial 
C4 grasses and freshwater green algae, glacial/interglacial changes in pCO2 in addition 
to the effects of climate and local environmental factors had a significant impact on the 
terrestrial and aquatic ecosystems of this region. For further examples of this type of 
molecular and isotopic stratigraphic investigations of lake sediments the reader is 
referred to: Huang et al., 1995; Street-Perrott et al., 1997,1998. 
10 0, 
Figure 1.3 Examples of cyclic and acyclic isoprenoid hydrocarbons identified by 
Huang et al. (1999). 
The use of molecular stratigraphy has been utilised even less frequently for peat 
deposits. Tsutsuki et al. (1993) took a multi-proxy approach analysing the compositions 
of lignin degradation products, fatty acids and opal phytoliths in a peat profile that has 
been forming continuously since 32 Ka BP, and correlating the results with regional 
environmental and climatic changes. They observed that phenolic and lipid compounds 
provided information on the aerobic and anaerobic conditions of the wetland as well as 
the type of vegetation. In particular it was noted that palmitic and stearic acid 
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abundances reflected the changes in the state of the wetland and the trends observed 
agreed well with the field observation of the characteristics of the profile and with the 
results of the opal phytolith analysis. A not dissimilar approach was taken by Farrimond 
and Flanagan (1996) who studied a Flandrian peat bed both optically and geochemically 
to compare the pollen and lipid records of changing plant input during peat 
accumulation. They found discrepancies between lipid distributions and the pollen data; 
samples with nearly identical lipid distributions had quite different pollen assemblages 
and vice versa. They accounted for these inconsistencies with the suggestion that the 
lipids record the composition of plant remains deposited locally whilst the pollen data 
record an average signal of flora over a wider area. Thus, conclusions were that these 
complimentary records should be useful in detailed regional reconstructions of past 
environments. Results from a study combining molecular stratigraphy with plant 
macrofossil analyses were reported by Ficken et al. (1998). They observed only limited 
agreement between the two palaeoenvironmental approaches and thus emphasised the 
importance of utilising different approaches to palaeoenvironmental assessment, since 
both methods contain potentially useful information. Further discussion of this work 
will follow in Chapters 3 and 4. 
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1.4 Ombrotrophic Mires and Climate 
The focus of this thesis is the investigation of, biomarkers within ombrotrophic mires 
and their potential use in providing palaeoenvironmental information. As mentioned 
above, previous studies of the biomarker content of peat bogs have been relatively few 
in number and these will be reviewed in Chapter 3, the discussion here concentrating on 
the importance and nature of peat deposits. Peat bogs occur extensively over the 
Northern Hemisphere and estimates of the amount of peat worldwide have increased 
steadily and differ considerably. Kinvinen et al. (1979) estimated that peat deposits 
cover about 3.0 % of the Earth's land surface, in which about 180 Gt dry mass of carbon 
are contained. However, more recently Matthews & Fung (1987) estimated that peat 
covers a total of about 3.4 % of the Earth's land surface, meaning that about 240 Gt of 
carbon is found in peat. This last is a little less than four times the amount of carbon 
fixed on the Earth's land surface in a year (Clymo, 1991). The British Isles contain 
about 0.7 % of these deposits, taking up about 10 % of their area (Clymo, 1984). Whilst 
these figures are estimates they emphasise that peatlands are numerous and may have a 
significant effect on the Earth's carbon budget. 
Peat itself is predominantly the remains of plants that once grew on the surface but that 
have decayed incompletely due to the conditions within the mire. This fact first seems 
to have been recognised by William King who wrote in 1685 (Clymo, 1991): "your 
light spongy turf is nothing but a congeries of the threads of... moss ... 
[which] is so 
quick growing a vegetable, that it mightily stops the springs, and contributes to thicken 
the scurf especially in red bogs. " Thus, peat bogs preserve a macroscopic record of this 
past vegetation and are unique plant communities (Barber, 1985). It has long been 
recognised that changes in peat stratigraphy might reflect past changes in climate (Blytt, 
1876) but it is only since the 1970s that continuous proxy-climate records have been 
sought from ombrotrophic mires. A clear relationship between peat stratigraphy and 
climate was demonstrated by Barber (1981), who found that multiple synchronous 
changes in the plant macrofossil stratigraphy of Bolton Fell Moss coincided with the 
climate change indices of Lamb (1977). Much of the research on proxy-climate data has 
focussed on raised mires (e. g. Aaby, 1976; Barber, 1981; Barber et al., 1994) since the 
signal from blanket bogs was thought to be obscured by the noise of groundwater 
inputs. More recently, however, it has been shown that blanket bogs have a potential to 
produce meaningful proxy-climate records (e. g. Blackford & Chambers, 1991,1995; 
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Chambers et al, 1997; Mauquoy & Barber, 1999; Charman et al., 1999a). Changes in 
peat stratigraphy, recorded from changes in macrofossil content (Barber, 1982) or by 
determining the degree of humification in ombrotrophic mires (Blackford & Chambers, 
1993), are now regarded as reflecting changes in the hydrological condition of mires at 
the time of peat accumulation, and have been interpreted as indicating fluctuations in 
climate, including cyclic variations (Aaby, 1976; Barber et al., 1994). 
Ombrotrophic mires are closely coupled to the atmosphere and thus exhibit a special 
relationship with climate. This can be best understood by considering their formation 
and structure. Raised bogs accumulate peat in a raised mass above the groundwater 
table (Fig. 1.4d) and so receive no input of minerogenic water from their surrounding 
environment. Their water balance therefore becomes dependent on rainfall, or to be 
more exact the relationships between precipitation, evaporation and seepage, and on the 
poor water transmission qualities of the peat just below the living surface (Barber, 
1995). It can hence be seen that raised bogs are particularly responsive to climate and its 
variations (Barber, 1985). The formation of raised bogs is considered in more detail in 
the following section. 
1.4.1 Formation of Raised Bogs 
The development of raised bogs is a complex process and will therefore be summarised 
only briefly. A schematic of their development is depicted in Figure 1.4. Retreating 
glaciers after the last ice age resulted in a very irregular topography, leaving hollows or 
basins. These depressions in the landscape filled with water due to the poor draining 
characteristics of the basin soils creating a lake environment. Extended communities of 
floating plants (e. g. pondweed) developed in these mineral rich basic conditions, along 
with reeds growing on the margins of the lake. Over time the annual cycle of growth 
and decay led to the vegetation gradually invading the open water infilling the lake. As 
these died the anaerobic waterlogged conditions allowed only partial decay and their 
remains fell to form a thin peat layer above the lake marl (white calcareous mud rich in 
the shells of freshwater snails). The eventual outcome of this continuing process was 
that the lake was almost completely filled with reed peat. As the surface of the peat 
approached the water level the reed vegetation was succeeded by sedge communities, 








Figure 1.4 Stages in the development of a raised bog peat deposit: a) lake, b) partially 
developed fen, c) fully developed fen, and d) fully developed raised bog. 
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A raised bog peat deposit began to develop when the roots of the sedge lost contact with 
the mineral rich ground water, resulting in the fen peat becoming mesotrophic and 
hence the invasion of the bog moss Sphagnum. This plant has the ability to completely 
change its surrounding environment by acting as a cation exchanger (Schwarzmaier & 
Brehm, 1974). It accomplishes this by means of special leaf cells, which absorb water 
(Barber, 1985). By extracting mineral nutrients, such as calcium, from the water and 
giving up hydrogen ions in exchange, they acidify the water around them creating an 
ombrotrophic environment. Therefore by influencing the chemistry of the groundwater, 
Sphagnum creates suitable ecological conditions for the development of a raised bog 
climax vegetation (van der Heijden, 1994). 
1.4.2 Ecology of Raised Bogs 
As can be seen by the description of the formation of a raised bog, the nature of it is 
closely related to the ecology of the system. Therefore, a basic understanding of the 
ecology of raised bogs is useful. When considering the ecology of any system it is 
necessary to look at the basic structure of its ecosystem in terms of its energy and 
nutrient relationships. Energy initially enters ecosystems as a result of photosynthesis, 
leading to the, build up of plant material. Such material may enter the food chain via 
herbivores or may die passing straight to the decomposition stage. In most ecosystems 
the fate of this material is to be completely broken down and respired by 
microorganisms until the energy is totally dissipated. However, in raised bog 
ecosystems decomposition by microorganisms is impaired as a result of extreme 
physical conditions, i. e. anoxia, and so incomplete decomposition of this material leads 
to accumulation of it in an undecomposed state (Moore & Bellamy, 1974). Therefore 
not all the energy entering the system is liberated by respiration and so energy flow 
through a raised bog ecosystem is modified (Fig 1.5). 
A modification of energy flow within an ecosystem is intrinsically linked with changes 
in nutrient cycling. The undecomposed organic material that makes up the peat contains 
within it a proportion of the nutrient pool available to the system and this may remain 
locked up whilst the peat remains undecomposed. Therefore such nutrients are 
effectively removed from circulation and so peat formation can be regarded as a drain 
upon the nutrients available to the system. Hence, this may result in severe nutrient 
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deficiency in those systems that are short in nutrients initially such as a raised bog 
ecosystem, which relies upon precipitation and dust fallout as a source of nutrients 
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Figure 1.5 Energy flow in a raised bog ecosystem. 
The processes that govern these relationships in a raised bog ecosystem are plant 
productivity, hydrology and the process of decay, which all depend on the interaction 
between water supply, water chemistry and species composition of the peat forming 
vegetation (Clymo, 1991). 
1.4.2.1 Plant Ecology 
In order to understand how plant species composition affects the ecology of a raised bog 
it is necessary to look at the preferred ecological setting of plant types and their 
morphology as these are strongly related. Environmental factors cause plants to evolve 
different features as an adaptation to these conditions. These adaptations can then in 
turn determine to some extent how energy and nutrients are cycled in the bog. 
In well developed raised bog systems probably the most dominant plants are Sphagnum 
species. Sphagnum is essentially a genus of wetland habitats, though individual species 
are adapted to withstand different degrees of desiccation. Morphologically, mature 
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plants are remarkably similar with the structure of the leaves and presence of hanging 
branches enabling the absorption and retention of large quantities of water. It is 
interesting to note at this point that mature Sphagnum plants rely entirely on diffusion 
through the leaves for the uptake of water, carbon dioxide and nutrients because unlike 
most other mosses, their stems do not develop rhizoids. Rhizoids occur only on the 
underside of the protonema (transient between spores and leafy plant [gametophyte]) 
and on very young plants. Also interesting is the fact that mosses possess little short- 
term control over these processes due to their lack of stomata (Rice & Giles, 1996). 
Their growth habit varies with water level, plants growing well above standing water 
differing in gross morphology from those growing close to standing water or 
submerged. Following on, the distribution of species is dependent upon hydrology and 
chemistry of the peat and surrounding water. Thus, Sphagnum species occupy a wide 
range of habitats on raised bogs from areas with a permanently high water table to those 
with comparatively dry conditions. One species group (whose members are not 
necessarily closely related taxonomically) occupies the former habitat, a second group 
occupies the latter type of habitat and a third group (in addition to any overlap by 
members of the first two groups) grows in intermediate conditions (Daniels & Eddy, 
1990). 
Another abundant peat former is the sedge family of plants. These can be very deep- 
rooted plants with rhizoids extending down to c. 60 cm so can survive drought periods. 
However, some species can grow over a large range of moisture conditions and so their 
ecological niche is difficult to define (Mauquoy, 1998). Other species have a much 
clearer habitat preference and grow a little above the water table. 
Ericaceous species (e. g. Erica tetralix [bog heather], Calluna vulgaris [common 
heather]) prefer relatively dry habitats. These plants have roots extending to c. 15 cm or 
greater and some require an aerated layer beneath the surface. Hence, in general, 
Ericaceae cannot tolerate extended periods of waterlogging, and are restricted to drier 
microhabitats with a relatively deep water table (Mauquoy, 1998). 
Whilst the plant species that colonise a raised bog occupy different ecological niches 
they all share one common factor: they are tolerant of low concentrations of inorganic 
solutes. Raised bogs are ombrotrophic (rain fed) and contain a very low concentration of 
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inorganic nutrients (see above), making them an unsuitable environment for most other 
plant species. 
1.4.2.2 Hydrology and Peat Formation 
An understanding of the preferred ecological habitat of peat forming plants highlights 
the importance of the hydrology of peat bogs, which in turn relates to their 
accumulation. The formation of a peat bog was summarised previously and it has been 
seen that peat accumulates because the conditions within the mire impede the decay of 
plant material. Dead vegetative matter is aerobically decayed by fungi, bacteria and 
invertebrate grazers but initially the macroscopic structure of the plant material is 
retained allowing water to flow easily between the structural elements. As decay 
weakens the dead plant matter and additional plant material accumulates above, the 
main structural elements lose their integrity and collapse resulting in an increase in bulk 
density and a reduction in space between the structural elements. Therefore the. 
hydraulic conductivity is reduced by several orders of magnitude (Clymo, 1991). For as 
long as precipitation and inflow: (if any) exceed evapotranspiration, the water table will 
remain in the upper region of high hydraulic conductivity and water will seep away 
laterally. In this way, under constant climatic conditions the water table remains at 
approximately the same average depth from the vegetation layer (Clymo, 1984). At the 
water table, the water is oxygenated and decay continues aerobically for a small 
distance below the water table. Below this point the peat becomes anaerobic because the 
flux of oxygen down from the air is less than the rate at which it is consumed by 
microorganisms: the rate of diffusion of oxygen in water is about 0.0001% that of 
oxygen in air (Clymo, 1984,1991). Therefore, decay continues anaerobically at a much 
slower rate than aerobic decay proceeded resulting in peat accumulation. 
It can be seen that there are two distinct zones in a peat deposit: an upper 10-50 cm deep 
aerobic layer of high hydraulic conductivity in which the rate of decay is relatively high; 
and a thicker, usually anaerobic, permanently saturated lower layer of low conductivity 
and with a much lower rate of decay. The upper zone is given the term `acrotelm' and 
the lower saturated zone called the `catotelm' (after Ingram, 1978). 
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An important factor in the rate of peat accumulation is the length of time that the dead 
plant matter remains in the acrotelm because it is during this period that decay is 
relatively rapid. This is determined by the hydrology of the bog: i. e. the time elapsed 
before the plant material is engulfed by the water table and hence incorporated into the 
catotelm. Of course for the catotelm to exist the deposit must remain waterlogged and 
this implies a dynamically maintained domed water table with precipitation as the 
source of water. The condition that a raised bog requires is an excess of precipitation 
over evaporation in most weeks of the year giving rise to a domed water table. An 
explanation for this dome shape is related to the relative hydraulic conductivities of the 
acrotelm and catotelm. After rain the water table will sink quickly through the relatively 
porous acrotelm until it reached the catotelm. At this point the collapsed plant structures 
and related much smaller spaces cause the water to seep much more slowly through the 
catotelm and hence the next rainfall raises the water table again into the acrotelm 
(Clymo, 1991). 
Hence it is obvious that climate strongly influences the ecology of a raised bog and this 
is further illustrated by climate driven flushing of pore water. Siegel et al. (1995) 
reported the phenomenon of water movement upward into raised bogs from underlying 
mineral soils. They observed that in periods of drought the domed water table dissipated 
and ground water in underlying mineral soils moved upwards through the peat towards 
the land surface (Fig. 1.6), whilst in wet periods a conventional raised bog system was 
in operation with water flowing away downwards and laterally. Climate fluctuations of 
short duration had minimal effect on water chemistry, however droughts persisting for 
at least three to five years produced noticeable changes in water chemistry. These 
groundwater flow systems could have a dramatic effect on the cycling of chemicals (e. g. 
carbon) in peatlands, with a strong influence on the flux of nutrients and dissolved 
organic matter being evident. 
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Figure 1.6 Diagram showing changes in groundwater flow under a raised bog, as 
reported by Siegel et al. (1995). 
1.4.3 Summary 
The preceding sections have outlined the very close links between ombrotrophic mires 
(raised peat bogs) and climate. As intimated, these deposits have long been used as a 
source of palaeoenvironmental proxies, with relatively successful outcomes. However, 
the application of more recently developed biomarker analysis techniques in providing 
potential proxy information has, as noted, been largely neglected. The work presented in 
this thesis aims to utilise these methods in the study of a raised bog in an attempt to 
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1.5 Description of Sample Site 
The mire site under investigation in this thesis is Bolton Fell Moss, Cumbria, UK 
(National Grid Reference NY490690), a large ombrotrophic mire covering an area of 
about 400 ha (Fig. 1.7). It forms part of the `Border Mires', a collection of 48 mire sites 
which collectively have a total of 955 ha of open bog vegetation (Mauquoy & Barber, 
1999). This raised bog peat deposit has a depth of approximately 10 m and covers the 
entire time span of the Holocene. Detailed macrofossil analysis on the uppermost peat, 
covering the last 2 ka, suggested that this mire is particularly responsive to climate 
change (Barber, 1981). Its stratigraphy is dominated by horizontal bands of peat of 
varying degrees of humification and it has a relatively small production of high 
hummocks which represent the climatically insensitive parts of the bog (Barber et al., 
1994). It has been shown that macrofossil assemblages from different parts of the bog 
shift almost synchronously to changes to wetter and /or cooler climates (Barber, 1981) 
and that these climate shifts can be correlated with independent proxy and documentary 
records. 
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Figure 1.7 Map showing location of Bolton Fell Moss. 
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1.6 Aims and Scope 
The aim of this study is to employ a molecular stratigraphic approach to provide 
information on palaeoenvironmental conditions, particularly climate, from raised peat 
bog deposits. The usefulness of these types of deposits as sources of climatic 
information is well established and the use of organic geochemical techniques in the 
study of ancient environments has also been widespread. However, organic geochemical 
studies of peat deposits have been few and the application of associated techniques to 
deducing palaeoenvironmental information almost non-existent. Therefore in this study 
the techniques of gas chromatography (GC), gas chromatography/mass spectrometry 
(GC/MS), gas chromatography combustion/isotope ratio mass spectrometry 
(GCC/IRMS) and pyrolysis-gas chromatography/mass spectrometry (py-GC/MS) have 
been used in the identification of biomolecules, their distributions and stable carbon 
isotopic compositions, in an attempt to relate them to their precursors and to elucidate 
environmental information from them. 
Chapter 2 is a fundamental study of the lipid content of modem surface bog vegetation. 
In Chapter 3a recent peat deposit which can be correlated with historical and 
instrumental records is investigated using the results gained in Chapter Two to relate 
climate to biomarker compositions. Chapter 4 is an attempt to extrapolate the 
information gained from this molecular stratigraphic approach to investigating mid- 
Holocene peat with a poorly documented climate history. Chapter 5 examines the 
application of py-GC/MS to reconstruct vegetation cover by the analysis of both 
modem surface bog vegetation and horizons from a peat deposit. The usefulness of 
these geochemical methods as a complimentary technique to more traditional 
palaeoenvironmental investigations is briefly discussed in Chapter Six, along with 
suggestions for further work. 
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Free Lipid Distributions of Peat Forming Plants 
Chapter 2 Lipids in Peat-Forming Vegetation 
2.1 Objectives 
This chapter presents the results of a survey of the free lipid composition of the 
dominant plant species comprising the raised peat bog ecosystem under investigation. 
The objectives were to determine whether there were any compounds present within 
these plants diagnostic of particular species and to assess their potential value as 
biomarker compounds. The nature of the distributions of various compound classes, 
including n-alkanes, n-alkanols and n-alkanoic acids, were assessed and their usefulness 
in reflecting different origins discussed. The variability in lipid composition as a result 
of microhabitat was examined in a study of the lipid composition of replicate samples of 
the modem major peat-forming plant collected at intervals across the centre of the bog. 
These replicate samples were used to assess the reproducibility of the analytical 
methods used. The results obtained will be used in the interpretation of data obtained 
from peatified plant material presented in Chapters 3 and 4. 
2.2 Introduction 
The chemical composition of peat and peat-forming plants has long been a source of 
fascination for scientists due to its remarkable preservation properties and use as an 
energy source. The medical uses of one of the major peat-formers, Sphagnum moss, in 
dressing wounds has frequently made these plants the focus of interest. Early examples 
of research into the chemical composition of bog plants include the studies by 
Stadnikov and Barisheva (1930), who investigated the composition of Sphagnum 
parrifolium, S. medium and Eriophorum vaginatum (sheathed cotton sedge), and 
Shikata and Watanabe (1934) who analysed S. fimbriatum. The nature of the analytical 
techniques of the time limited the scope of these studies however, allowing only a 
limited amount of information to be gathered. 
Early work on Sphagnum and other bog plants concentrated mainly on carbohydrates, 
sterols, triterpenoids and phenolics, with research on alkyl components being limited. 
Investigations into the carbohydrates of two Sphagnum mosses, S. fuscum and S. 
imbricatum, by Theander (1952,1954) revealed the presence of galactose, glucose, 
mannose, arabinose, xylose, rhamnose, fructose and uronic acids, with no significant 
differences being apparent between the two mosses. A more complete study by Black et 
al. (1955) involved the analysis of S. imbricatum and Calluna vulgaris (common 
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heather) for total ash, crude fats, nitrogen, cellulose, total reducing substances, reducing 
sugars and the individual sugars: glucose, galactose, arabinose and xylose. These 
constituents were then followed in four peat samples of increasing age for correlation 
purposes in which with the exception of the crude fat content, quantitative amounts 
decreased with increasing depth/age. Black et al. also examined the free amino acids, 
proteins and a chloroform extract of Sphagnum and its peat. The free amino acid content 
showed that Sphagnum is related more to land plants than marine algae because it 
contains -y-aminobutyric acid as well as asparagine, whilst the solvent extract revealed 
the presence of a sterol assigned as ß-sitosterol. Other studies of the carbohydrates of 
Sphagnum have been carried out by Epimenko and Dzenis (1961), who analysed 
petroleum-, ether-, alcohol- and water extracts of S. medium and S. girgensohnii for 
their qualitative composition of carbohydrates and organic acids. Further work on the 
sterols of Sphagnum moss has been carried out by Ives and O'Neill (1958a). They 
extracted a mixture of S. fuscum, S. capillaceum and S. magellanicum and isolated a 
mixture of sterols, shown to consist of ß-sitostanol (stigmastanol) and ß-sitosterol, 
constituting approximately 0.2% by weight of the dried peat moss. Further 
chromatographic fractionation of the unsapanofiable matter enabled the extraction of 
three triterpenes, namely a-amyrin, taraxerone and taraxerol (Ives & O'Neill, 1958b). 
Triterpenes have also been studied in Ericaceae (Belova & Shabunevich, 1967), the 
presence of uvaol, taraxerol, ß-amyrin and ursolic acid being reported in the literature. 
Research into the solvent-insoluble phenolic components of Sphagnum was reported by 
Manskaya and Drozdova (1955), who examined the aromatic constituents of its cell 
walls and found a phenolic glycoside along with vanillin and p-hydroxybenzaldehyde. 
Salas et al. (1973) and Arines et al. (1974) have reported phenolic compounds from 
Ericaceae. 
With the development of gas chromatography and availability of increasingly 
sophisticated analytical techniques in the 1950s 'and 1960s, investigations into the 
chemical composition of peat-forming plants have become relatively numerous and 
diverse with many of these studies centring on the lipid composition of these plants. The 
improved sensitivity and separation power of capillary gas chromatography has enabled 
the analysis of a much wider range of lipids. One of the first gas chromatographic 
studies was undertaken by Belau who in 1969 published the results of an investigation 
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into the relationship between the chemical composition of peat-formers and peat. The 
plants analysed were Sphagnum palustre and S. cuspidatum and they were found to 
contain waxes, higher hydrocarbons, alcohols, acids and isoprenes. However, no 
detailed compositional information was reported. Another limited but informative study 
reported the presence of wax, sitosterol, ergosterol and stigmasterol in S. recurvum 
(Hunek et al., 1973). Sever et al. (1972) analysed S. affine and found patterns similar to 
other plants, noticeably an n-alkane distribution dominated by the C31 homologue. 
Analysis of S. teres by Marseli et al. (1972) revealed alkanes ranging from C24 to C33, 
along with campesterol, stigmasterol, sitosterol, cyclolaudenol and a range of fatty 
acids. Corrigan et al. (1973) reported n-alkane distributions for 4 species of Sphagnum 
moss (S. fuscum, S. magellanicum, S. recurvum and S. rubellum). They found that all 
the mosses displayed a maximum at either the C23 or C25 n-alkane and had a lower odd- 
over-even predominance than that found in higher plants. Further investigation by 
Corrigan et al. (1976) into the lipid composition of six Sphagnum mosses revealed 
considerable variation in the dominant alkane and the presence of saturated, mono-, di- 
and triunsaturated n-alkanoic acids. They concluded that the quantity and composition 
of the lipids present might explain the absorbency of these mosses and their usefulness 
as surgical dressings. Additional information on the fatty acid composition of 
Sphagnum mosses has been provided by the research of Koskimies and Simola (1980), 
S. fimbriatum, S. majus, S. magellanicum and S. nemoreum being the objects of 
analysis. They reported very similar fatty acid compositions in comparison with each 
other and other bryophytes, with high levels of the C16: 1 homologue. This latter finding 
agrees with the results of analyses of the fatty acids of Sphagnum nemoreum and S. 
squarrosum by Dembitsky and Rezanka (1995). 
Studies on the lipid composition of Sphagnum mosses by Karunen and co-workers 
investigated changes in lipid content in relation to the age of the plant (Karunen et al., 
1979,1983; Karunen & Salin, 1980; Karunen & Ekman, 1981). They first reported in 
1979 that the lipid content in the annual increments of different ages of Sphagnum 
fuscum, S. angustifolium and S. papillosum was highest in the youngest portion of the 
moss shoot, ranging from 4.8 to 5.2% of the dry weight, and decreased with increasing 
age to about 40 to 60% of that originally present. They found the main lipid fractions of 
the youngest section of the S. fuscum shoots to be steryl and wax esters, triglycerides 
and more polar lipids, amounts of which were found to decrease during senescence at 
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independent rates. In 1980, continuing the age-related studies of S. fuscum, they 
examined the total lipids, total fatty acids and fatty acids of the triglyceride and wax 
ester fractions. Contents of these were again found to be highest in the capitulum of the 
shoots and decreased with increased age to a depth of about 6 to 9 cm, only minor 
changes being apparent in older segments. The most dramatic change observed was in 
the composition of the fatty acids as shoot age increased: the proportion of 
polyunsaturated acids (C18: 3 and C20: 4) were highest only in the topmost 3 cm, older 
portions being characterised by high saturated and monounsaturated (C18; i) fatty acids. 
The C18: 2 n-alkenoic acid was noted to be high in all segments, particularly as a 
component of the triglycerides. Karunen and Ekman (1981) subsequently reported 
senescence-related changes in free and esterified sterols, triterpenoid alcohols, n- 
alkanols and hydrocarbons of Sphagnum fuscum. The content of esterified sterols and 
triterpenoid alcohols was highest in the capitulum and very low in older parts, the 
dominant components being an unidentified compound (33.8%), cycloartenol (16.2%), 
methylene cycloartanol (9.5%), stigmasterol (16.2%) and campesterol (9.5%). Since 
triterpenoid alcohols are considered intermediates in plant sterol biosynthesis, their 
predominance was taken to infer that mosses accumulate intermediates in ester form 
rather than the end products, phytosterols. Among the free sterols and triterpenoids 
stigmasterol (56.5%) was dominant followed by campesterol (15'. 9%), sitosterol 
(10.9%) and an unidentified compound (17.4%), and like the esterified components 
their content was highest in the capitulum and decreased with increased shoot age. 
However, interestingly the proportion of free and esterified sitosterol increased with 
shoot age, which was attributed to losses of other organic materials in the senescent 
tissue rather than increased sitosterol biosynthesis. The proportion of the free 
triterpenoid alcohols, cycloartenol and methyl cycloartanol, in senescent tissues, also 
increased from levels which were extremely low in the shoot tips. This was ascribed to 
hydrolysis of their respective esters during senescence. Both the free n-alkanols (C18- 
C28) and esterified n-alkanols (C16-C30) were dominated by the C24 and C26 members, 
and the n-alkanes observed ranged from C21 to C33 (maximum C23/C25) with a strong 
odd-over-even predominance. Both components were strongly affected by shoot age, 
proportions of longer-chain members tending to increase at the expense of shorter-chain 
homologues with increasing shoot age. A loss of alcohols and hydrocarbons occurred 
only in much older shoots and was suggested to be the first signs of microbial attack 
before any morphological signs can be detected. Karunen et al. (1983) then turned their 
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attention to the amount and composition of esterified sterols in seven different 
Sphagnum species (S. papillosum, S. cuspidatum, S. fallax, S. fuscum, S. rubellum, S. 
russowii and S. nemoreum). They observed that the amount of esterified sterols was low 
in all species analysed, varying from 0.2 to 2.6 mg g'1 dry weight, with some correlation 
between sterol abundance and microhabitat. Hummock species favouring dry habitats 
appeared to have lower amounts of esterified sterols than species growing in wet places 
although a noticeable exception to this trend was Sphagnum cuspidatum, which grows 
in wet hollows but contained low amounts of esterified sterols (0.4-0.7 mg g'' dry 
weight). The 4-monomethylsterols and 4,4-dimethylsterols were the major sterol groups 
in all species, except S. cuspidatum, and are considered intermediates in phytosterol (4- 
desmethylsterol) biosynthesis, which was the dominant group in S. cuspidatum. The 
main compounds in these groups were obtusifoliol, cycloartenol, methylene 
cycloartanol, campesterol, stigmasterol and sitosterol. In addressing the differences that 
are observed in the abundance and composition of sterols in Sphagnum species and their 
peat they concluded that the high percentage of sitosterol in Sphagnum peat is due to 
some peculiarity of sterol metabolism that occurs during tissue senescence in Sphagna. 
The possibility that other plants probably contribute to the higher amounts of sterols 
sometimes found in peat was also suggested. 
Other published analyses of the lipids of Sphagnum moss include those by Chiu et al. 
(1985) and Koskimies-Soininen and Nyberg (1987). Chiu et al. reported the occurrence 
of sterols in six species of bryophytes, including S. palustre. They observed the 
occurrence of the desmethylsterols campesterol, stigmasterol and sitosterol, along with 
the monomethylsterols cycloartenol and cyclolaudenol. Using 1H NMR they also 
confirmed the presence of epimeric mixes of the desmethylsterols, from which they 
inferred a biosynthetic pathway that reflected bryophytes phylogenetic placing. 
Koskimies-Soininen and Nyberg (1987) investigated the effects of changing 
temperature and light on the lipids of Sphagnum magellanicum, particularly the fatty 
acids. None of the conditions tested were found to radically change the fatty acid 
compositions of the plant. 
Investigations of the lipid composition of other peat-forming plants have been less 
common. The acid and neutral extracts of the barks and leaves of several plants, 
including ericaceous species were analysed for triterpenoid content by Hassan et al. 
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(1977). They found Erica arborea to contain friedelin, lupeol, betulin and ursolic acid. 
Fokina et al. (1988) demonstrated the presence of ß-sitosterol, uvaol, ursolic acid and 
oleanolic acid in Ericaceae. A series of studies into the alkane distributions of 
epicuticular waxes of Ericaceae were reported by Salasoo in the 1980s, the first of 
which was published in 1981 wherein he reported the alkanes of seven evergreen 
species of Ericaceae collected from the USA to comprise a range of n-alkanes from C25 
to C33 with a distinct odd-over-even predominance, and no evidence of alkenes or 
branched alkanes. The dominant alkane was hentriacontane in all except one species in 
which tritriacontane prevailed. In 1986 he reported the epicuticular wax alkanes of 
heath plants from Alaska, including ten species of Ericaceae and Empetrum 
hemaphroditum. Again uniform distributions of the type reported previously were 
observed, although interestingly different characteristics were noted in those of flower 
waxes and leaf waxes; both waxes had the same major n-alkane but flower wax showed 
a shorter average chain length. Salasoo later investigated whether there were differences 
in the epicuticular wax alkanes growing in different habitats. Seven species from 
Germany were analysed (Salasoo, 1987a) and found to exhibit similar distributions to 
those previously observed, reporting that the average chain length was highest in 
Calluna vulgaris and lowest in Vaccinium uliginosium. It was concluded that there was 
good agreement between samples of any given species from different locations, with 
any differences in environmental conditions, including altitude, insufficient to affect the 
alkane distribution. Analyses of eight species from Norway along with Empetrum 
hermaphroditum (Salasoo, 1987b) revealed uniformity in the alkane distributions within 
the subfamily Arbutoideae but diversity in those within Rhodedendroideae and 
Vaccinoideae and suggested that environmental conditions exerted a strong effect on the 
n-alkane distributions. However, in analysing eleven species sampled from the Pacific 
northwest of USA (Salasoo, 1988) uniformity in composition was again observed, with 
all species containing alkanes ranging from C25 to C33, and all but two maximising at 
C31. After analysing a further fifteen species from Austria, it was concluded that the 
results were of limited chemotaxonomic use only (Salasoo, 1989). 
The most extensive study of the lipid composition of peat-forming plants is that by 
Ekman (1981), wherein he examined the nature, amounts and origins of waxy 
substances, finding average quantities of these organisms to be soluble in C6H6/EtOH to 
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be 2.1-13.0% and waxy components to be 0.1-4.7% of dry matter. The lowest extract 
and wax contents were in moss and sedge species whilst highest contents were found to 
be in dwarf shrubs, especially their leaves. In particular the highest values were 
observed for the leaves of Empetrum nigrum, for which the proportion of C6H6/EtOH 
extract was 18.3% and that of waxy components 9.0% in dry matter. The structures of 
the waxy components of peat and peat-forming plants were found to be similar. Of the 
lipids present n-alkanoic acids ranged from C16 to C32 and n-alkanols ranged from C14 to 
C30, both displaying an even-over-odd predominance. Odd-over-even predominating n- 
alkanes were observed in the range C19 to C33. It was concluded that the similarity in 
composition relates to the botanical origin of peat waxes and that one reason for the 
quantifiable variations in lipid components of peat is likely to be due to the changes in 
flora during the period of peat formation. 
Isotopic studies of peat-forming plants have been undertaken in an attempt to 
understand the natural variability of isotopes under different environmental conditions. 
The first survey of 813C values of bryophytes over a range of habitats was conducted by 
Rundel et al. (1979), a study which was extended by Teeri (1981). The findings 
confirmed that mosses appear to utilise C3 photosynthesis to fix atmospheric CO2. 
However, they did not appear to show a significant difference in 813C values between 
moss species preferring wet or dry habitats although the moss species analysed had 
average values (c. -26 %o) that were more depleted than lichen species (c. -23 %o). 
Subsequent studies have shown variation of up to 8 %o in stable carbon isotope values of 
mosses collected in the field (Proctor et al., 1992), for which two main explanations 
have been advanced. The first explains the within-site variation in 813C values in 
relation to height above the water table, since with increasing saturation and 
submersion, diffusive uptake of carbon dioxide will be limited by diffusion resistance 
leading to more enriched 813C values in specimens growing close to the water table. 
Whether this was the case or that it was due to the evolutionary morphology of the leaf 
structure was unclear since it was found that morphological adaptations in aquatic 
Sphagnum species resulted in lower resistance to CO2 uptake when submerged (Rice & 
Schuepp, 1995). To resolve this unknown, the relative effect of diffusional resistance 
due to water films and leaf anatomy on rates of net photosynthesis and on-line 
measurements of carbon isotope discrimination was investigated in Sphagnum (Rice & 
37 
Chapter 2 Lipids in Peat-Forming Vegetation 
Giles, 1994,1996). This led to the conclusion that variation in surface water film leads 
to a greater difference in resistance to CO2 uptake and carbon isotope discrimination 
than that due to variation in leaf anatomical properties. The second explanation for the 
considerable variation in stable carbon isotope values is that Sphagnum species that live 
in hollows will take up a proportion of respired CO2 in its source carbon which will 
result in a more depleted 6'3C value (Proctor et al., 1992). This obviously leads to 813C 
values that are the opposite of those expected by the first explanation, a fact highlighted 
by Price et al. (1997). Their results suggest that isotopic variability within Sphagnum 
could be caused not just by changes in surface water films (cf. Rice & Giles, 1994) but 
also by differences in microhabitat of the Sphagnum within a hollow or bog pool. 
The only study to combine lipid and stable carbon isotope analyses of peat-forming 
plants is that by Ficken et al. (1998) as part of a wider molecular stratigraphic study of a 
blanket bog to assess potential new climate proxies. The suite of plants analysed 
consisted of Sphagnum capillifolium (moss), S. fuscum (moss), Racomitrium 
lanuginosum (moss), Huperzia selago (moss), Carex bigelowii (sedge), Vaccinium vitis- 
idaea (Ericaceae), Empetrum nigrum (Ericaceae), Cladonia uncialis (lichen), C. 
arbuscula (lichen), Sphaerophorus globosus (lichen)'and Cetraria islandica (lichen). 
These were examined for their n-alkane, n-alkanol and n-alkanoic acid distributions 
along with the stable carbon isotope composition of the individual n-alkanes. The n- 
alkane distributions showed a large contribution of shorter chain length homologues (n- 
C23 and n-C25) for both the Sphagnum species although S. capillifolium also showed a 
large contribution from the n-C31 alkane. The other plants exhibited monomodal 
distributions maximising at either C29 or C31. Similarly, the n-alkanol and n-alkanoic 
acid distributions of the Sphagnum species appeared to have a stronger contribution 
from shorter chain length homologues than the other plants, with shorter average chain 
lengths and maxima being evident. Stable carbon isotope compositions of the n-alkanes 
of the plants all suggested a C3 photosynthetic pathway, average values being of the 
order -32 %o. The most interesting observation was that the S13C values of the shorter 
chain length alkanes of Sphagnum capillifolium and S. fuscum appeared to be more 
depleted (ca. -36.6 %o and -34.0 %o respectively) than those of the longer chain lengths 
and other plants. Any inferences from these observations were made with respect to 
analysis of the underlying peat and will be discussed in Chapter 3. 
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This chapter represents a comprehensive study of the free lipid composition of twenty- 
one plant specimens ranging from mosses to ericaceous species, that together form part 
of the ecosystem of the raised bog studied in this thesis. The aim was to reveal 
compounds that will be useful for chemotaxonomic purposes. Some isotopic 
compositions are also reported with the objective of using stable carbon isotope values 
to reflect plant inputs and changing environmental conditions. 
2.3 Sample Description 
The majority of plant samples were obtained from the surface of Bolton Fell Moss. 
However, where species of which macrofossil remains were present within the bog were 
no longer living on the on the bog surface, modern samples were collected from nearby 
Walton Moss (National Grid Reference NY504667; see Fig. 1.6). Exceptions were 
Sphagnum imbricatum, S. sub-nitens, Aulacomnium palustre, Hypnum cupressiforme 
and an unspecified Cladonia species. Replicate samples of S. magellanicum were 
collected at 40 m intervals from the centre of Bolton Fell Moss to 200 m without. 
Details of the plants collected are given in Table 2.1. 
Table 2.1 Details of peat forming plants collected for analysis. 
Sample Name Common Name Identifier Sample Site 
Sphagnum magellanicum Bog moss F Chambers Bolton Fell Moss 
S. imbricatum Bog moss Unknown Caithness (Scotland) 
S. capillifolium Bog moss F. Chambers Walton Moss 
S. cuspidatum Bog moss F. Chambers Walton Moss 
S. palustre Bog moss F. Chambers Walton Moss 
S. papillosum Bog moss F. Chambers Walton Moss 
S. recurvum Bog moss F. Chambers Walton Moss 
S. sub-nitens Bog moss P. Jones Mynydd Llangatwg (S Wales) 
Polytrichum sp. Bog moss F. Chambers Walton Moss 
Aulacomnium palustre Bog moss D. Mauquoy Unknown 
Hypnum cupressiforme Bog moss D. Mauquoy Unknown 
Eriophorum vaginatum Sheathed cotton sedge F. Chambers Bolton Fell Moss 
E. angustifolium Many headed cotton sedge F. Chambers Bolton Fell Moss 
Trichophorum cespitosum Deer sedge F. Chambers Bolton Fell Moss 
Rhynchospora alba White beaked sedge F. Chambers Bolton Fell Moss 
Empetrum nigrum Crowberry F. Chambers Bolton Fell Moss 
Vaccinium oxycoccus Cranberry F. Chambers Bolton Fell Moss 
Erica tetralix Bog heather F. Chambers Bolton Fell Moss 
Calluna vulgaris Common heather F. Chambers Bolton Fell Moss 
Andromeda polifolia Bog rosemary F. Chambers Bolton Fell Moss 
Cladonia sp. Lichen D. Mauquoy Unknown 
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2.4 Results 
Peat-forming plants were analysed to reveal their lipid compositions and stable carbon 
isotopic compositions to provide `fingerprints' for the different plant inputs. Total lipid 
extracts (TLEs) were isolated from all plant samples and analysed by HTGC and 
HTGC/MS providing a rapid overview of the associated lipid profile. Analysis of 
purified fractions by GC and GC/MS allowed the complex lipid mixtures to be 
examined in more detail and enable measurement of compound specific 813C values. 
Compound identifications were made by comparison of their mass spectra with those of 
compounds reported in the literature and mass spectral libraries. Mass spectra of less 
commonly studied compounds are shown in the Appendix, as are structural formulae. 
2.4.1 Lipid Composition 
2.4.1.1 Sphagnum magellanicum 
Solvent extraction of S. magellanicum yielded a TLE which constituted 12.4 mg g'1 of 
dried plant material. GC analysis of the TLE (Fig. 2.1) revealed ursolic acid to be the 
prevalent compound, closely followed by sitostero1(24-ethylcholest-5-en-3ß-ol) and the 
C16: 0, and co-eluting C18: 2 and C18: 1 fatty acids. Other identified compounds present in 
significant abundances included homologous series of n-alkanes, n-alkanoic acids, n- 
alkanols and wax esters. Other characteristic compounds present in the TLE were 
campesterol (24-methylcholest-5-en-3ß-ol), stigmasterol (24-ethylcholest-5,22-dien-3ß- 
ol), oleanolic acid, an unidentified phytyl ester and triacylglycerols, the principal fatty 
acyl moieties of the latter being C16: 0 and/or C18 (C18: 0, C18: 1 and C18: 2). 
Analysis of purified lipid fractions allowed more detailed compositional information to 
be gathered and quantified. The non-polar hexane fraction was dominated by n-alkanes 
displaying an odd-over-even predominance (CPI = 20.3) ranging in carbon number 
from C21 to C33 [Fig. 2.2(a)]. The distribution maximised at the C31 homologue, 
however, a skewed bimodal distribution was observed with the second maximum being 
the C25 member. Wax esters eluted in the DCM fraction and are depicted in Fig. 2.2(b). 
The observed distribution ranged from C38 to C52 exhibiting a bimodal pattern with the 
components of chain length C42 and C48 predominating, both of which contain a C26 
alkanol moiety. Other compounds present in this fraction included a phytyl ester (27.3 
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P9 g"'dWt), tentatively assigned as containing a C18: 3 fatty acid moiety, and 24- 
ethylcholest-5,22-dienyl acetate (15.4 µg g'Id,,,, t). The alcohol fraction was dominated by 
sterols, namely sitosterol (124.3 µg g ld,,, t), stigmasterol (80.9 µg g'Id,,, t), campesterol 
(56.6 µg g'ld,,,, t), brassicasterol (24-methylcholest-5,22-dien-3ßol; 8.1 µg g"ldwt) and 24- 
methylcholest-5,7,22-trien-30-ol (44.0 µg g'1dwt), along with triterpenoids: ß-amyrin 
(48.3 µg g'ld,,,, t), a-amyrin (35.8 µg g"ldwt) and lupeol (44.3 µg g'Idwt). The n-alkanols 
present ranged from C22 to C30 displaying an even-over-odd predominance (CPI = 9.8), 
with the C26 homologue maximum and peripheral components describing a monomodal 
pattern [Fig. 2.2(c)]. Monoacylglycerols were present in lower concentrations, a series 
ranging from C16 to C26 being observed. As seen in the TLE the acids were dominated 
by ursolic acid (190.0 µg g"Idwt), other terpenyl acids present being oleanolic acid (45.2 
µg g"ldt) and an unidentified terpenyl acid (12.9 µg g"ld, t). The n-alkanoic acid 
distribution was observed to show an even-over-odd predominance (CPI = 15.0) over 
the range C14 to C32 [Fig. 2.2(d)] with a maximum at C16. However the latter part of the 
series was clearly dominated by n-hexacosanoic acid (C26) thereby generating a bimodal 
distribution. C18: 1 and C18: 2 unsaturated acids were present at relatively high abundance 
and C16: 1 and C20: 1 acids were also detected at lower concentrations. 
2.4.1.2 Sphagnum imbricatum 
A TLE of 19.8 mg g"ld,,,, t was obtained from S. imbricatum in which the prevalent 
compound was linoleic acid (C18: 2), followed closely by hexacosanoic acid (C16: 0), as 
revealed by HTGC analysis (Fig. 2.3). Other characteristic compounds present in 
significant quantities included homologous series of n-alkanes, n-alkanols, n-alkanoic 
acids and wax esters. Campesterol, stigmasterol, sitosterol, oleanolic acid and ursolic 
acid were also detected in abundance. 
The gas chromatogram of the non-polar hexane fraction revealed an homologous series 
of n-alkanes that ranged from C21 to C33 [Fig. 2.4(a)]. A substantial contribution from 
the shorter chain length n-alkanes was apparent with the distribution maximising around 
the C23 homologue. This was reflected in the average chain length, which was 
calculated to be 24.6. The abundances of the peripheral homologues and a slightly 
enhanced abundance of hentriacontane (C31) described a bimodal distribution displaying 
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Figure 2.1 Partial gas chromatogram of the total lipid extract of Sphagnum 
magellanicum. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax 
esters; PE = phytyl esters; TAG = triacylglvicerols. numbers in bold indicate total 
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Figure 2.2 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids of S. masrellanicum. 
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a strong odd-over-even predominance (CPI = 20.7). Inspection of the DCM fraction 
revealed wax esters ranging from C38 to C52 with two maxima at C42 and C48 [Fig. 
2.4(b)]; as with S. magellanicum each was based predominantly on a C26 n-alkanol 
moiety. The n-alkanol distribution [Fig. 2.4(c)] was narrow and monomodal, ranging 
from C22 to C30 and maximising at n-hexacosanol (n-C26), with their profiles showing an 
even-over-odd predominance. However, the C23, C25 and C27 homologues were 
observed in significant quantities resulting in a lower CPI value of 8.4. Sterols were 
present in abundance in this fraction the most significant of which was sitosterol, as 
seen in the TLE (Fig. 2.3), present in a quantity of 54.2 µg g"1d,,,, ß. Other sterols observed 
included stigmasterol (36.5 µg g'ldwt), campesterol (27.1 µg g'lawr), brassicasterol (7.1 
µg g"td,,,, t) and 24-methylcholest-5,7,22-trien-3ß-ol (6.8 µg g'ldwt). Triterpenoids were 
noted in lower concentrations: ß-amyrin (13.5 µg ggld,,,, t), a-amyrin (11 µg g 
ldwt) and 
lupeol (14.8 µg g'ld,,,, t). Also present in much reduced quantities were a series of 
monoacylglycerols ranging from C16 to C26. The distribution of n-alkanoic acids was 
wide [Fig 2.4(d)], ranging from C14 to C32 and displaying an even-over-odd 
predominance (CPI = 19.3). The prevalent member was hexadecanoic acid (C16) 
although this was exceeded by linoleic acid. Other unsaturated acids present included 
the C16: i. C18: 1 and C20: 1 members. Of the later eluting homologues tetracosanoic and 
hexacosanoic acids were of almost equal abundance. Also present in abundance in this 
fraction was ursolic acid (90.4 jig g'ldwt), oleanolic acid (36.4 µg g"ldt) and an 
unidentified terpenyl acid (1.7 µg 9"1dwt). 
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Figure 2.3 Partial gas chromatogram of the total lipid extract of Sphagnum 
imbricalum. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; A = wax ester; 
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Figure 2.4 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. imbricatum. 
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2.4.1.3 Sphagnum capillifoliuni 
S. capillifolium yielded a TLE of 13.6 mg g'Id,,,, t upon solvent extraction, of which 
HTGC revealed the prevalent component to be linoleic acid (C18: 2) by some 
considerable margin (Fig. 2.5). Other significant characteristic compounds included 
hexadecanoic acid (n-C16), stigmasterol and ursolic acid. Present in lower abundance 
but significant nonetheless were brassicasterol, campesterol, sitosterol, ß-amyrin, 
oleanolic acid, a phytyl ester and triacylglycerols. The principal fatty acyl moieties 
present in the TAGs were C16: 0 and/or C18 (C18: i and C18: 2). Homologous series of n- 
alkanes, n-alkanols, n-alkanoic acids and wax esters were also observed. 
The distribution of n-alkanes [Fig. 2.6(a)] revealed a significant contribution of shorter 
chain length homologues (n-C23 and n-C25), however these were not present in sufficient 
quantity to greatly affect the average chain length (28.4). The distribution described a 
skewed bimodal pattern maximising at C31 followed by C25, displaying an odd-over- 
even predominance (CPI = 17.6). Wax esters were observed to exhibit a bimodal 
distribution over the range C37 to C52, the maxima being at C40 and C48 [Fig. 2.6(b)] and 
predominantly based on a C24 alkanol. Also present in this fraction were low 
concentrations of n-aldehydes, a phytyl ester (31.6 µg g'ld6) tentatively assigned as 
containing a C18: 3 fatty acid moiety and 24-ethylcholest-5,22-dienyl acetate (24.3 µg g-1 
dwt). Sterols and pentacyclic triterpenols dominated the alcohol fraction, stigmasterol 
being the predominant compound (103.3 µg 971d,, t) as seen in the GC profile of the TLE 
(Fig. 2.5). Other compounds detected included sitosterol (54.8 µg g-ldwt), campesterol 
(46.6 µg g' d,,,, ), brassicasterol (20.3 µg g"ld,,,, t), 24-methylcholest-5,7,22-trien-3ß-ol 
(12.5 µg g Id,,, t), ß-amyrin (43.5 µg g"la,,, t), a-amyrin (67.8 µg g"ld,,,, t) and lupeol (29.3 µg 
9.1dW ). The homologous series of n-alkanols present ranged from C22 to C32 maximising 
at n-tetracosanol [C24; Fig. 2.6(c)]. The low CPI value of 8.4 reflects the slightly 
increased abundances of the odd chain length homologues, although an even-over-odd 
predominance was still obvious. Present in low concentrations in this fraction are 
monoacylglycerols ranging from C16 to C26. As seen in the TLE (Fig. 2.5) linoleic acid 
(C18: 2) was the predominant acid observed, other unsaturated acids detected being the 
C16: i, C18: 1 and C20: 1 members. The distribution of the saturated n-alkanoic acids ranged 
from C14 to C30 and possessed a bimodal distribution maximising at C16 and C24 [Fig. 
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Figure 2.5 Partial gas chromatogram of the total lipid extract of Sphagnum 
capillifolium. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax 
esters; PE = phytyl esters; TAG = triacylglycerols. numbers in bold indicate total 







Figure 2.6 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. capillifolium. 
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2.6 (d)]. Ursolic acid (85.2 pg g"1a,,,, t)g oleanolic acid (25.1 µg g71dt) and an unidentified 
terpenyl acid (6.3 µg g'Id,,,, t) were also noted in this fraction. 
2.4.1.4 Sphagnum cuspidatum 
A TLE yield of 11.7 mg g"ldwt was obtained by the solvent extraction of S. cuspidatum. 
HTGC analysis (Fig. 2.7) of the TLE showed the most abundant compounds to be 
hexadecanoic acid (C16), oleic acid (C18: 1) and stigmasterol. Other abundant compounds 
included tetradecanoic acid (C14), brassicasterol, campesterol, sitosterol and ursolic 
acid. TAGs were observed in which the principal fatty acyl moieties within were C16 
and/or C18 (C18; t and C18: 2). Homologous series of n-alkanes, n-alkanols, n-alkanoic 
acids and wax esters were also present. 
The non-polar hexane fraction exhibited a homologous series of n-alkanes in the range 
C21 to C33 which described a strong bimodal distribution, the maxima being tricosane 
(n-C23) and hentriacontane (n-C31) in similar abundance [Fig. 2.8(a)]. The average chain 
length is 28.4 and the obvious odd-over-even predominance gives a carbon preference 
index value of 17.6. Wax esters as revealed by HTGC analysis of the DCM fraction 
[Fig. 2.8(b)] were present ranging from C37 to C54, with the C40 and C42 homologues 
being the most abundant; a bimodal distribution resulted from a slight increase in the 
C48 homologue. The predominant n-alkanol moiety in all wax esters was n-hexacosanol 
(n-C26). The DCM fraction was also observed to contain low concentrations of methyl 
ketones (C27-C33), 24-ethylcholest-5,22-dienyl acetate (14.4 µg g"id, ) and a phytyl ester 
(11.9 µg g'ldwi), tentatively assigned as containing a C18: 3 fatty acid moiety. The major 
compounds detected amongst the alcohols were sterols: in decreasing abundance 
stigmasterol (416.0 µg g"ldwt), brassicasterol (180.4 µg g'1 d,,,, ), sitosterol (131.1 µg g" 
Id,,,, 
t), campesterol (105.1 µg g'ld,,,, t) and 24-methylcholest-5,7,22-trien-3ß-ol (43.5 µg g' 
1dwt). Triterpenoids were also observed with lupeol being the most abundant of these 
(59.3 µg g'Id,,,, t) followed by a-amyrin (41.3 µg 9"1d) and ß-amyrin (38.3 µg 971dwc)- 
Present in low concentration was a series of monoacylglycerols with fatty acid moieties 
ranging from C16 to C26. A homologous series of n-alkanols eluted amongst these with a 
total concentration of 208.0 µg g'la,,,, c [Fig. 2.8(c)]. The distribution was essentially 
monomodal ranging from C22 to C32 and maximising at n-hexacosanol (C26). Some of 
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Figure 2.7 Partial gas chromatogram of the total lipid extract of Sphagnum 
cuspidatum. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; 
PE = phytyl esters; TAG = triacylglycerols; numbers in bold indicate total number of 









Figure 2.8 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. cuspidatum. 
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the odd chain length homologues were observed in increased abundance resulting in a 
low CPI value of 7.7. As was seen from the GC profile of the TLE (Fig. 2.7) fatty acids 
were easily the most dominant compound class present as reflected by their total 
concentration (1369.1 µg g'ld,,,, t). Figure 2.8(d) shows that of the early eluting acids oleic 
acid (C18: 1) is prevalent, followed by hexadecanoic acid (C16: 0), tetradecanoic acid 
(C14: 0) and the unsaturated linoleic acid (C18: 2). Tetracosanoic acid (C24: 0) predominates 
over the later eluting acids: the entire distribution being bimodal over the range C14 to 
C30. Other acid compounds present were the triterpenoids ursolic acid (41.5 µg gla,,, t) 
and oleanolic acid (11.6 µg g'lawc). 
2.4.1.5 Sphagnum palustre 
Solvent extraction of a dried sample of S. palustre resulted in a TLE of 8.3 mg g'IdM and 
subsequent HTGC analysis of this extract revealed the prevalent compound to be 
sitosterol (Fig. 2.9). Significant quantities of hexadecanoic acid, stigmasterol, 
campesterol, linoleic acid, oleic acid and a phytyl ester were also observed. The 
presence of homologous series of n-alkanes, n-alkanols, n-alkanoic acids and wax esters 
was noted in varying abundances, along with TAGs of total acyl carbon number 52 and 
54. The principal fatty acyl moieties present in these TAGs were C16 and/or C18 (Cig: 1 
and C18: 2). 
Analysis of the non-polar hexane fraction resulted in the detection of a homologous 
series of n-alkanes ranging from C21 to C33. Odd carbon number components were 
dominant (CPI = 21.6) and described a bimodal distribution, maximising at C23 and C31 
[Fig. 2.10(a)]. The large contribution from the shorter chain length n-alkanes (especially 
the C23 and C25) was reflected in the low value of the average chain length, calculated to 
be 25.9. Wax esters from the TLE eluted in the DCM fraction, the observed distribution 
ranging from C38 to C52 [Fig. 2.10(b)]. The C42 component predominated closely 
followed by the C40 component, both of which were considerably more abundant than 
the peripheral members and were based primarily on a C26 n-alkanol moiety. However, 
a slight increase in the abundance of the C48 component produced a bimodal 
distribution. The DCM fraction also contained low concentrations of methyl ketones 
(C27 to C31), a phytyl ester (9.1 µg g ld,,, t) thought to contain a C18: 3 acyl moiety and 24- 
ethylcholest-5,22-dienyl acetate (6.9 µg g"ld,,,, t). Sterols again dominated the alcohol 
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Figure 2.9 Partial gas chromatogram of the total lipid extract of Sphagnum palustre. 
Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; PE = phytyl 
esters, TAG = triacylglycerols; numbers in bold indicate total number of carbon atoms: 
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Figure 2.10 Distributions and concentrations of. (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. palustre. 
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fraction but no triterpenols were detected. As observed in the TLE (Fig. 2.9) sitosterol 
was prevalent (164.4 pg g4dw), followed by stigmasterol (111.6 µg g'ld,,,, t), campesterol 
(87.0 µg g 'dwc) and brassicasterol (86.8 µg g"ldt). The n-alkanol distribution [Fig. 
2.10(c)] was observed to be narrow and monomodal ranging from C22 to C32 and 
maximising at hexacosanol (C26). An even-over-odd predominance was obvious, 
although a calculated CPI value of 11.7 reflected the increased abundances of some odd 
chain components. Low concentrations of monoacylglycerols were also detected in this 
fraction, with acyl moieties ranging from C16 to C26. The distribution of n-alkanoic acids 
was wide [Fig. 2.10(d)], ranging from C14 to C32 displaying even-over-odd 
predominance and a clear maximum at C16. However, tetracosanoic acid (C24) was 
observed to dominate the latter part of the series thereby generating a bimodal 
distribution. C18: 1 and C18: 2 unsaturated fatty acids were detected at relatively significant 
abundances, with smaller amounts of C16: i, C19: 1 and C20: 1 being observed. No trace of 
triterpenoid acids was detected. 
2.4.1.6 Sphagnum papillosum 
A TLE of 7.7 mg g "dwt was obtained upon the solvent extraction of S. papillosum of 
which HTGC showed the prevalent compounds to be hexadecanoic acid, stigmasterol, 
and ursolic acid (Fig. 2.11). Other compounds present in significant quantities included 
tetradecanoic acid, oleic acid, campesterol, sitosterol and oleanolic acid, along with 
homologous series of n-alkanes, n-alkanols, n-alkanoic acids and wax esters. Reduced 
quantities of TAGs were observed in which the principal fatty acyl moieties were C16 
and/or C18 (C18: 1 and C18: 2). 
The distribution of n-alkanes present ranged from C21 to C33 with a distinct odd-over- 
even predominance [CPI = 15.3; Fig. 2.12(a)]. The predominant homologue was 
tricosane (C23) and this high contribution from the shorter chain length components was 
reflected by the average chain length, calculated to be 25.8. However the overall 
distribution was a skewed bimodal pattern, the second maximum being the C31 
homologue. Inspection of the DCM fraction revealed a range of wax esters from C38 to 
C52 [Fig. 2.12(b)], the most abundant of which were quite clearly the C42 and C40 
components; all wax esters are predominantly based on a C26 alkanol moiety. Once 
again the alcohol fraction is dominated by sterols and to a lesser extent pentacyclic 
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Figure 2.11 Partial gas chromatogram of the total lipid extract of Sphagnum 
papillosum. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; 
PE = phytyl esters; TAG = triacylglycerols; numbers in bold indicate total number of 






L; araon number 
Figure 2.12 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
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triterpenoids. Of the sterols stigmasterol (276.5 µg 9'ldwt) was predominant, followed by 
sitosterol (103.6 µg g'ld,,,, t), campesterol (100.3 µg 9'ldwt) and brassicasterol (45.0 µg g" 
Idwt) whilst lupeol (57.7 µg 9'ldwt) dominates the triterpenoids, closely followed by a- 
amyrin (55.5 µg g ldwt) and ß-amyrin (39.6 µg g'ldwt). Hexacosanol (C26) was the most 
abundant n-alkanol in a distribution that ranged from C22 to C32 [Fig. 2.12(c)]. Even 
chain length components predominated although some odd components were present in 
elevated quantities resulting in a low CPI value (11.1). Monoacylglycerols containing 
acyl moieties ranging from C16 to C26 were observed in low concentrations. 
Hexadecanoic acid (C16; 282.4 µg 9'ldwt) was prevalent amongst the n-alkanoic acids 
[Fig. 2.12(d)] and also present in relatively high concentrations were tetradecanoic acid 
(CM) and the unsaturated oleic acid (C18: j). Other unsaturated acids observed were the 
C16: 1, CI9: 1 and C20: 1 components. The pattern of the saturated acids described a bimodal 
distribution displaying even-over-odd predominance and maximising at C16 amongst the 
early eluting components and C26 amongst the later eluting components. Also eluting in 
this fraction was ursolic acid (310.0 jig g'ldwt), present in the greatest concentration in 
the TLE, and oleanolic acid (55.9 µg g'1d, t). 
2.4.1.7 Sphagnum recurvum 
Solvent extraction of a freeze-dried sample of S. recurvum resulted in a TLE of 
magnitude 11.8 mg g'ldt and subsequent HTGC analysis of this extract (Fig. 2.13) 
revealed the presence of significant quantities of hexadecanoic acid, linoleic acid, 
campesterol, stigmasterol, sitosterol and triacylglycerols. The presence of homologous 
series of n-alkanes, n-alkanols, n-alkanoic acids and wax esters was noted in varying 
abundances. Also present in lower concentrations were brassicasterol and a phytyl ester. 
The principal fatty acyl moieties present in the TAGs were C16 and/or C18 (C18: 1 and 
Cis: 2). 
The non-polar hexane fraction exhibited a homologous series of n-alkanes [Fig. 2.14(a)] 
which ranged from C21 to C33 in a monomodal distribution displaying strong odd-over- 
even predominance (CPI = 13.4). The distribution maximised at C23 and the average 
chain length, calculated to be 23.9, is indicative of the large contribution from the 
shorter chain length n-alkanes. The wax esters observed in the DCM fraction ranged 
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from C36 to C52 in a monomodal distribution maximising at C42, which is predominantly 
based on a C26 alkanol moiety. Other compounds observed to elute in the DCM fraction 
were 24-ethylcholest-5,22-dienyl acetate (7.5 µg g'ldm) and a phytyl ester (23.8 µg g " 
Id,,,, 
t) tentatively identified as containing a C18: 3 acyl moiety. The alcohol fraction was 
dominated by sterols, the most prevalent of which was identified as stigmasterol (276.5 
µg g71dwt). Additionally, sitosterol (103.6 µg g'la,, t), campesterol (100.3 µg 
9-la,,,,, ) and 
brassicasterol (45.0 µg g ldwt) were detected along with the triterpenoids lupeol (57.3 jig 
g''dwt), a-amyrin (55.5 µg g"ld,, t) and ß-amyrin (39.6 µg g'' ). n-Hexacosanol (C26) was 
predominant in a monomodal distribution of n-alkanols [Fig. 2.14(c)] ranging from C22 
to C32 showing an even-over-odd predominance, although elevated abundances of some 
of the odd chain components lowered the carbon preference index (CPI = 11.1). Also 
observed in this fraction was a suite of monoacylglycerols containing acyl moieties 
ranging from C16 to C26. The saturated n-alkanoic acid distribution was observed to 
range from C14 to C32 [Fig. 2.14(d)] with a clear maximum at C16 (126.7 µg g 1dwc). 
However, the latter part of the distribution was dominated by n-tetracosanoic acid (C24) 
resulting in a bimodal distribution. C18: 1 and C18: 3 unsaturated acids were also detected 
at relatively high abundance, along with lower concentrations of the C16: 1 and C20: 1 
components. Pentacyclic triterpenoid acids were again completely absent. 
2.4.1.8 Sphagnum sub-nitens 
The TLE of S. sub-nitens was obtained in an abundance of 14.3 mg g'ld,,,, t in which the 
prevalent compound was clearly revealed by HTGC to be ursolic acid (Fig. 2.15). Also 
observed to be of relative significance were hexadecanoic acid, linoleic and oleic acids 
(co-eluting), tristriacontane, hentriacontane, stigmasterol, sitosterol and oleanolic acid. 
Detected at lower concentrations were homologous series of n-alkanes, n-alkanols, n- 
alkanoic acids and wax esters, a phytyl ester and TAGs. The principal acyl moieties 
contained within the TAGs were C16 and/or C18 (C18.1 and C18: 2)- 
The non-polar hexane fraction exhibited a homologous series of n-alkanes [Fig. 2.16(a)] 
ranging from C21 to C35 and maximising strongly at hentriacontane (71.8 µg g"la,,,, O) 
tritriacontane also being abundant (60.0 µg g"ldwt). However, a slight elevation in the 
abundance of the C23 homologue and peripherals resulted in a bimodal distribution and 
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Figure 2.13 Partial gas chromatogram of the total lipid extract of Sphagnum recurvum. 
Key: "= n-alkanoic acids; %= n-alkanols;  = n-alkanes; A= wax esters; PE = phytyl 
esters; TAG = triacylglycerols; numbers in bold indicate total number of carbon atoms; 









Figure 2.14 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. recurvum. 
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a slight decrease in the calculated average chain length (29.7). Inspection of the DCM 
fraction revealed wax esters ranging from C38 to C52 in a monomodal distribution 
maximising at C48 [Fig. 2.16(b)], although the C40-C50 components are all of significant 
abundance. The predominant alkanol moiety was identified as n-tetracosanol (C24). 
Detected in low concentrations in this fraction were 2-pentacosanone, 2-heptacosanone 
and hexacosanal. Also present were a phytyl ester (18.9 jig g"d,, t) thought to contain a 
C18: 3 acyl moiety, 24-ethylcholest-5,22-dienyl acetate (13.1 µ. g g'l dw), 24-ethylcholest- 
5-enyl acetate (30.4 µg g"tawt) and an unidentified terpenyl ester (7.7 µg g"ldt). Sterols 
dominated the alcohol fraction, the foremost of which being sitosterol present in an 
abundance of 123.6 µg g''dwt. Sterols present in lower abundances included stigmasterol 
(60.1 µg g'l j t), campesterol (39.5 µg g 
ld,,, 
t), 24-methylcholest-5,7,22-trien-3ß-ol (19.0 
µg g'ldwt) and brassicasterol (7.3 µg g"ldwt). Triterpenols were also present in significant 
quantities: lupeol (50.1 µg g'ld,,,, t), a-amyrin (34.7 µg g'1d,,,, t) and ß-amyrin (10.3 jig g" 
Id,,,, 
t). The homologous series of n-alkanols identified in the TLE (Fig. 2.15) were 
observed to have a narrow monomodal distribution ranging from C22 to C28 and 
maximising at n-tetracosanol [C24; Fig. 2.16(c)]. An even-over-odd predominance was 
obvious but the odd chain components appeared to be slightly increased in abundance, 
reflected by the low CPI value of 8.3. Low concentrations of MAGs with acyl moieties 
in the range C16 to C26 were identified. The acid fraction was dominated by ursolic acid 
(301.7 µg g'lawt), as witnessed in the GC profile of the TLE (Fig. 2.15), with oleanolic 
acid also present in relatively high abundance (85.9 µg g''d, '). The saturated n-alkanoic 
acid distribution was wide, ranging from C14 to C32 [Fig. 2.16(d)]. The series was 
dominated by tetracosanoic acid (C24; 91.3 µg g'Id,,,, t) although hexadecanoic acid was 
very abundant amongst the early eluting homologues. Also present in significant 
quantities were C18: 1 and C18: 2 unsaturated fatty acids, along with lower concentrations 
of the C16: 1 and C2o: 1 components. 
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Figure 2.15 Partial gas chromatogram of the total lipid extract of Sphagnum 
sub-nitens. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; 
PE = phytyl esters; TAG = triacylglycerols; numbers in bold indicate total number of 
carbon atoms; numbers in red indicate total acyl carbons. 
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Figure 2.16 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in S. sub nitens. 
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2.4.1.9 Polytrichum species 
A TLE of 23.6 mg g"lawt was obtained from the Polytrichum species bog moss in which 
the prevalent compound was ursolic acid, followed by stigmasterol, linoleic acid (C18; 2) 
and oleic acid (C18: 1; co-eluting), and hexacosanoic acid (C16: 0), as revealed by HTGC 
analysis (Fig. 2.17). A series of wax esters were relatively abundant and other 
characteristic compounds present in significant quantities included homologous series 
of n-alkanes, n-alkanols and n-alkanoic acids. Campesterol, sitosterol and oleanolic acid 
were also detected in reasonable abundance. 
The gas chromatogram of the non-polar hexane eluting fraction exhibited a homologous 
series of n-alkanes that ranged from C21 to C35 [Fig. 2.18(a)]. This was displayed as a 
monomodal distribution maximising around the C31 homologue with a distinct odd-' 
over-even predominance (CPI = 13.3). The average chain length, which was calculated 
to be 29.7, reflected the predominance of the longer chain length components (C29-C33)- 
Inspection of the DCM fraction revealed wax esters ranging from C40 to C52 with a 
single maximum at C48 [Fig. 2.18(b)]; these were based predominantly on either a C24 
or C26 n-alkanol moiety. A phytyl ester (10.2 µg g71d,,,,, ) tentatively identified as 
containing a C18: 3 acyl moiety was also observed in the DCM fraction. The n-alkanol 
distribution [Fig. 2.18(c)] ranged from C22 to C32 and maximised at n-dotriacontanol (n- 
C32), with no evidence of even chain homologues being present. Sterols were abundant 
in this fraction the most significant of which was stigmasterol, as seen in the TLE (Fig. 
2.3), present in a quantity of 57.3 µg g"lat. Other sterols observed included campesterol 
(41.6 µg 9'1 aß), sitosterol (32.8 µg g-ldt) and brassicasterol (6.3 µg g'dwt). 
Triterpenoids were noted in lower concentrations: oc-amyrin (13.5 µg g'la,,,, t) and ß- 
amyrin (9.9 µg g ldwt)" The distribution of n-alkanoic acids was wide [Fig 2.18(d)], 
ranging from C14 to C32 and displaying an even-over-odd predominance (CPI = 25.2). 
The predominant member was n-hexadecanoic acid (C16) although n-tetracosanoic acid 
was abundant amongst the later eluting homologues, thereby generating a bimodal 
distribution. Oleic acid (C18: 1) was present in relatively significant abundance and was 
the only unsaturated fatty acid detected. Also abundant in this fraction was ursolic acid 
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Figure 2.17 Partial gas chromatogram of the total lipid extract of a Polvtrichum species 
bog moss. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; 
PE = phytyl esters; SE = steryl esters; *= contaminants; numbers in bold indicate total 
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Figure 2.18 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in a Polvtrichum species bog moss. 
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2.4.1.10 Aulacomnium palustre 
A. palustre yielded a TLE of 10.5 mg g 1d,, t upon solvent extraction on which HTGC 
revealed the predominant compound to be ursolic acid (Fig. 2.19). Other prominent 
compounds contained within the extract were hexadecanoic acid (C16), oleic acid (CIS:, ), 
campesterol, stigmasterol, sitosterol, ß-amyrin and oleanolic acid. Also significant were 
homologous series of n-alkanes, n-alkanols, n-alkanoic acids and wax esters. 
The non-polar hexane fraction isolated from the TLE consists of n-alkanes ranging in 
carbon number from C21 to C35 [Fig. 2.20(a)]. The distribution maximised at 
heptacosane (C27), however, the overall distribution described a bimodal pattern with a 
second maximum at C31. The CPI value (19.9) underlined the predominance of odd 
chain length members over the even chain counterparts. Wax esters eluted in the DCM 
fraction and appeared over the range C38 to C56 [Fig. 2.20(b)] with those components of 
chain length C44 and C48 predominating. This bimodal distribution appeared as a result 
of the C46 component having a relatively lowered abundance. 24-ethylcholest-5,22- 
dienyl acetate and a phytyl ester were also detected in low concentrations. The 
DCM/methanol fraction was dominated by cyclic alcohols, namely sterols and 
triterpenols. Stigmasterol was the predominant sterol present at a concentration of 76.7 
µg g'ldWt, followed by campesterol (71.1 µg g'ld,, t), sitosterol (59.2 µg g"ld,,, t) and 
brassicasterol (9.3 µg g ldwt). a-Amyrin prevailed amongst the pentacyclic triterpenols 
with a concentration of 32.3 µg g"ld,,,, t, others present being lupeol (27.5 µg ggldwt) and p- 
am n 18.9 1 yri ( µg g' a,,, c). The series of n-alkanols was present at relatively low 
abundance, the total concentration being 6.3 µg g'Idwt [Fig. 2.20(c)]. n-Eicosanol (C20) 
was the most abundant component and the distribution ranged from C20 to C28 with the 
odd chain components being detected in trace amounts. Ursolic acid dominated the acid 
fraction as expected from the HTGC analysis of the TLE (Fig. 2.19) and had an 
abundance of 156.0 µg g'ldwt. The corresponding terpenyl acid, oleanolic acid (30.7 jig 
971dWt), was also identified. The distribution of n-alkanoic acids was observed to range 
from C14 to C32 [Fig. 2.20(d)] with a clear maximum of n-hexacosanoic acid (C16; 112.9 
µg g'IdWt). The latter part of the homologous series (>C20) was dominated by n- 
tetracosanoic acid (C24), although in comparison to the C16 component the other 
homologues are of low abundance. The only unsaturated acid detected was the C1g: l 
member. 
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Figure 2.19 Partial gas chromatogram of the total lipid extract of Aulacomnium 
palustre. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; A= wax esters; TE 








Figure 2.20 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in A. palustre. 
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2.4.1.11 Hypnum cupressiforme 
A TLE yield of 10.0 mg g"Idwt was obtained by the solvent extraction of H. 
cupressiforme. Qualitative HTGC analysis (Fig. 2.21) of the TLE determined the most 
abundant compounds to be (in decreasing order) linoleic acid P8: 0, Campesterol and 
hexadecanoic acid (C16). Other abundant compounds included stigmasterol, sitosterol 
and a series of wax esters. TAGs were observed in which the principal fatty acid 
moieties within were C16 and/or C18 (C1g: l and C18: 2), along with homologous series of 
n-alkanols and n-alkanoic acids. Low concentrations of n-alkanes (not annotated) were 
detected by mass chromatography. 
The non-polar hexane eluting fraction exhibited a homologous series of n-alkanes in 
low abundance (total concentration = 10.5) ranging from C21 to C33, which described a 
monomodal distribution maximising around nonacosane (n-C29) [Fig. 2.22(a)]. The 
average chain length is 28.7 and the obvious odd-over-even predominance gives a 
carbon preference index value of 8.6, lowered by the elevation in relative abundance of 
the even chain components. Wax esters as revealed by HTGC analysis of the DCM 
eluting fraction [Fig. 2.22(b)] were present ranging from C38 to C54, the C44 homologue 
being the most abundant in a monomodal distribution. Their total concentration of 345.6 
µg g"'dwt underlined the prominence of this group of compounds. The DCM fraction also 
contains low concentrations of 24-ethylcholest-5,22-dienyl acetate and a phytyl ester, 
tentatively assigned a C18: 3 fatty acyl moiety. The major compounds detected amongst 
the alcohols were sterols: in decreasing abundance campesterol (258.7 µg g71dwt), 
stigmasterol (240.7 µg g"ldwt) and sitosterol (155.3 µg g"Idwt). Triterpenoids were absent 
whilst a homologous series of n-alkanols eluted amongst the sterols with a relatively 
low overall concentration of 79.3 µg g'Idwt [Fig. 2.8(c)]. The distribution was 
monomodal ranging from C22 to C32 and maximised strongly at C30, with the odd chain 
length homologues observed only in trace quantities resulting in a very high CPI value 
of 2640. Figure 2.8(d) illustrates the distribution of the fatty acids isolated from the 
TLE. The dominant component was linoleic acid (C18: 2), the only other unsaturated acid 
detected being oleic acid (C18: 1). n-Hexadecanoic acid easily dominated the early eluting 
acids whilst of the latter components (>C18) the C20, C22 and C24 components were of 
roughly equal abundance. No triterpenoid acids were detected, paralleling the lack of 
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Figure 2.21 Partial gas chromatogram of the total lipid extract of Hypnum 
cupressiforme. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax 
esters; PE = phytyl esters; TAG = triacylglycerols; *= contaminant: numbers in bold 
indicate total number of carbon atoms; numbers in red indicate total acyl carbons. 
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Figure 2.22 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in H. cupressiforme. 
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2.4.1.12 Eriophorum vaginatum 
Lipid analysis of E. vaginatum revealed a total free lipid content of 36.5 mg g'ld,,,, c, of 
which the most striking feature was the abundant nature of the series of wax esters 
present (Fig. 2.23). Several components of this series were predominant over the next 
most abundant compound, sitosterol. The maxima of the homologous series of n- 
alkanes, n-alkanols and n-alkanoic acids were also significantly abundant, these being 
n-hentriacontane (C31), n-octacosanol (C28) and n-hexadecanoic acid (C26), respectively, 
as were the unsaturated C18: i and C18: 2 acids. At lower abundances were the peripheral 
members of the aforementioned homologous series, along with campesterol, a phytyl 
ester, a TAG (acyl moieties C18: 1 and C18: 2) and several compounds identified as 5-n- 
alkylresorcinols with alkyl side chains ranging from C23 to C27. In this case, the 
structure of these compounds was confirmed by comparison of their mass spectra with 
those of authentic standards. 
The homologous series of n-alkanes seen in the TLE dominated the non-polar fraction 
of E. vaginatum ranging from C21 to C35 [Fig. 2.24(a)]. Odd components were strongly 
dominant (CPI = 24.9) and described a monomodal distribution maximising at n- 
hentriacontane (C31). The average chain length of 30.3 reflected the high abundance of 
the C29 to C33 homologues. The dominance of the series of wax esters seen in the TLE 
(Fig. 2.23) was reflected by their total concentration (1830 µg g Id,,, t) determined from 
the purified DCM fraction;. The distribution ranged from C38 to C52, was monomodal 
and maximised at C44, however, many of the higher and lower carbon number 
homologues were abundant [Fig. 2.24(b)]. The wax esters were based almost solely 
upon a n-C26 alkanol moiety, the most abundant therefore being octadecyl 
hexacosanoate. Other esters present included a phytyl ester (69.3 jig g'ld,,, t) tentatively 
assigned as containing a C18: 3 acyl moiety and 24-ethylcholest-5,22-dienyl acetate (19.9 
µg g"1 d,,,, t). Sitosterol dominated the alcohols by an appreciable margin being present at a 
concentration of 341 jig gMdwt, however, other identified sterols were relatively low in 
abundance: campesterol (31.8 µg g-ldwt) and stigmasterol (18.2 µg g71d,,,, t). Pentacyclic 
triterpenoids were completely absent in this fraction. The homologous distribution of n- 
alkanols were relatively abundant (total concentration of 409.7 jig g) and ranged 
from C20 to C32 with almost complete even-over-odd predominance [CPI = 34.0; Fig. 
2.24(c)]. The prevalent component was n-octacosanol and peripheral homologues 
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Figure 2.23 Partial gas chromatogram of the total lipid extract of Eriophorum 
vaginatum. Key: "= n-alkanoic acids; 0= n-alkanols;  = n-alkanes; f= wax esters 
;o= 5-n-alkylresorcinols (number = length of alkyl side-chain); PE = phytyl esters; 
TAG = triacylglycerols; numbers in bold indicate total number of carbon atoms; 





Figure 2.24 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in E. vaginatum. 
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described a monomodal pattern. Also eluting in this fraction was the series of 5-n- 
alkylresorcinols observed in the TLE. with a much more distinct distribution. They 
ranged from having alkyl side chains of C19 to C27 in a monomodal pattern displaying 
clear odd-over-even predominance and maximising at C21 (133.1 µg g"'dn; Fig. 2.25). 
Saturated n-alkanoic acids were identified in the range C14 to C30 and maximised at n- 
hexadecanoic acid (C16). although later eluting acids (>C18) appeared to be present in a 
bimodal distribution with maxima at C22 and C28. The unsaturated C 18,1 and C18: 2 fatty 
acids were also detected in significant quantities. Triterpenoid acid compounds were 








Figure 2.25 Distributions and concentrations of 5-n-alkylresorcinols in: (a) 
Eriophorum vaginatum, (b) E. angustifolium, (c) Trichophorum cespitosum, and (d) 
Rhvnchospora alba. 
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2.4.1.13 Eriophorum angustifolium 
Solvent extraction of E. angustifolium yielded a total lipid extract (TLE) which 
constituted 18.1 mg g-1 of dried plant material. GC analysis of the TLE (Fig. 2.26) 
revealed sitosterol to be the predominant compound, followed by n-hentriacontane 
(C31), the most abundant component of the homologous series of n-alkanes. Other 
significant compounds identified included the unsaturated C18: 1 and C18: 2 fatty acids, n- 
nonacosane (C29), n-tritriacontane (C33), n-dotriacontanol (C32), ursolic acid, 24- 
ethylcholest-5-enyl acetate, and TAGs (principal acyl moieties C16 and/or C18: 1ng: 2). 
Components identified but in lower relative abundance were homologous series of n- 
alkanes, n-alkanoic acids, n-alkanols and wax esters, oleanolic acid, 24-ethylcholest- 
5,22-dienyl acetate and 5-n-alkylresorcinols. 
Analysis of the purified non-polar hexane fraction revealed n-alkanes displaying an 
odd-over-even predominance (CPI = 24.9) ranging in carbon number from C21 to C35 
[Fig. 2.27(a)]. The distribution maximised at the C31 homologue and was dominated by 
longer chain n-alkanes resulting in an average chain length of 30.3. Wax esters eluted in 
the DCM fraction and are depicted in Figure 2.27(b). The observed distribution was 
narrow and ranged from C38 to C46 in a monomodal pattern with the C42 component 
predominating; this component was based on a C24 alkanol moiety. Other compounds 
contained in this fraction included taraxerone (14.6 µg g'ld, t), a phytyl ester (46.2 µg g " 
1d,,,, 
t), tentatively assigned as containing a C18: 3 fatty acid moiety, 24-ethylcholest-5,22- 
dienyl acetate (51.3 µg g"ßd1) and 24-ethylcholest-5-enyl acetate (131.0 µg g'' ). The 
alcohol fraction was dominated by sterols, namely sitosterol (385.7 µg g'ld,,, O, 
campesterol (31.1119 g"Id", t), brassicasterol (20.8 µg g'ld,,,, t), and stigmasterol (13.6 jig g" 
Idwt). a-Amyrin was the sole pentacyclic triterpenol detected at a concentration of 24.6 
µg g'ldwt. The n-alkanols present ranged from C20 to C34 displaying an even-over-odd 
predominance (CPI = 7.4), the low value reflecting the elevated abundances of the odd 
chain components [Fig. 2.27(c)]. The series describes a bimodal distribution with 
maxima at C24 and C32. Monoacylglycerols are present in lower concentrations, 
possessing a series of acyl moieties ranging from C16 to C26. Also eluting in this fraction 
in relatively high concentrations was a series of 5-n-alkylresorcinols with side chains 
ranging from C21 to C27, present in a monomodal distribution maximising at 5-n- 
pentacosanylresorcinol (C25; 55.0 µg g'ld,,,, t; Fig. 2.25). As seen in the TLE the acids 
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Figure 2.26 Partial gas chromatogram of the total lipid extract of Eriophorum 
angustifolium. Key: "= n-alkanoic acids; '= n-alkanols;  = n-alkanes; f= wax 
esters; `v= 5-n-alkylresorcinols (number = length of alkyl side-chain); SE = steryl 
esters; TAG = triacylglycerols; numbers in bold indicate total number of carbon atoms; 






Figure 2.27 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in E. angustifolium. 
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were dominated by short chain fatty acids, notably the Cig: 1 and C18: 2 unsaturated acids. 
C16: 1 and C20: 1 acids were also detected at lower concentrations. The n-alkanoic acid 
distribution displayed an even-over-odd predominance (CPI = 14.4) over the range C14 
to C32 [Fig. 2.27(d)] with a maximum at C16, however, the latter part of the series was 
clearly dominated by n-tetracosanoic acid (C24) thereby generating a bimodal 
distribution. Also present in this fraction at relatively high abundance were the 
triterpenoid acids; ursolic acid (123.7 µg g'Idt) and oleanolic acid (27.9 µg g"Idt). 
2.4.1.14 Trichophorum cespitosum 
The TLE (11.7 mg g"Id,,,, t) of T. cespitosum (Fig. 2.28) was dominated by the co-eluting 
C18: 2 and C18: 1 unsaturated fatty acids, along with n-hexadecanoic acid (C16) and n- 
hentriacontane (C31). The C29 sterol sitosterol was also present at relatively high 
abundance, whilst campesterol, ursolic acid and a phytyl ester were present at lower 
abundances. Of the homologous series present, the n-alkanes and n-alkanoic acids were 
present in almost equal abundance, while the abundance of the wax esters was also 
relatively high, however, n-alkanols were present at relatively low abundance. 5-n- 
alkylresorcinols were detected in abundance, with the homologue possessing a C25 side 
chain being most predominant. 
GC analyses of the purified lipid fractions isolated from the TLE allowed the 
distributions of compounds to be assessed more accurately. The non-polar hexane 
fraction contained an homologous series of n-alkanes [Fig. 2.29(a)] ranging from C21 to 
C35 in a monomodal distribution with a strong odd-over-even predominance (CPI = 
35.4). The maximum was at C31 and the dominance of this homologue in the series 
along with the peripheral C29 and C33 are reflected in the average chain length (31.1). 
Wax esters were identified in the range C40 to C52 with two maxima at C42 and C50 [Fig. 
2.29(b)]; they appeared to be predominantly based on a C24 alkanol moiety. Other 
compounds present in this fraction included trace amounts of n-aldehydes (C24 and C26)4 
dc) tentatively assigned as containing a C18: 3 acyl moiety, 24- a phytyl ester (41.6 µg g' 
ethylcholest-5,22-dienyl acetate (59.0 µg g'dt) and 24-ethylcholest-5-enyl acetate 
(117.3 µg g''awc)" Inspection of the alcohol fraction revealed dominance of sitosterol 
(309.7 µg g"'a,,, t), with other sterols present at much lower abundance; campesterol (25.1 
µg g''d,,,, t) and stigmasterol (12.7 µg g'dwt). Also prominent were the homologous series 
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Figure 2.28 Partial gas chromatogram of the total lipid extract of Trichophorum 
cespitosum. Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters 
7= 5-n-alkylresorcinols (number = length of alkyl side-chain); PE = phytyl esters; SE steryl 
esters; TAG = triacyl glycerol s; numbers in bold indicate total number of carbon 
atoms; numbers in red indicate total acyl carbons. 
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Figure 2.29 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in T cespitosum. 
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of 5-n-alkylresorcinols (Fig. 2.25) present in a total concentration of 176.8 µg g'taWc. 
These were observed to contain alkyl substituents ranging from C21 to C27 maximising 
at 5-n-pentacosanylresorcinol (82.2 µg g'dwt), with a strong odd-over-even 
predominance obvious. The distribution of n-alkanols [Fig. 2.29(c)] ranged from C20 to 
C34 showing a distinct even-over-odd predominance (CPI = 7.2) and maximised around 
the C32 component. However, a slight increase in the abundance of n-tetracosanol (C24) 
generated a skewed bimodal distribution. The dominant fatty acid was n-hexadecanoic 
acid (C16; 376.1 µg g'Id,,,, t), however the unsaturated C1g: i and C18: 2 acids were also very 
abundant (284.5 µg g''dwt and 204.7 µg g Id,,,, t respectively). Other unsaturated acids 
detected were the C16: 1 and C20: 1 components. The n-alkanoic acid distribution [Fig. 
2.29(d)] described a bimodal pattern with the later eluting components maximising 
around n-hexacosanoic acid (C26). 
2.4.1.15 Rhynchospora alba 
HTGC of the TLE of R. alba (7.4 mg g 1dß) showed the dominant component to be a 
triacylglycerol containing C18: 1 and C18: 2 acyl moieties (Fig. 2.30). Also present in 
abundance were n-hexadecanoic acid, linoleic and oleic acids (co-eluting), n- 
hentriacontane, sitosterol and another TAG (acyl moieties C16 and C18: 1118: 2). Detected at 
lower concentrations were homologous series of n-alkanes, n-alkanols, n-alkanoic acids, 
wax esters and 5-n-alkylresorcinols, in addition to campesterol, stigmasterol and a 
phytyl ester. 
The non-polar hexane fraction contains a homologous series of n-alkanes [Fig. 2.31(a)] 
ranging from C21 to C33 maximising strongly at N-hentriacontane (77.3 µg g'la"t). The 
abundances of the peripheral homologues described a monomodal distribution with a 
calculated average chain length 29.8 and CPI of 20.0. Inspection of the DCM fraction 
revealed a narrow monomodal distribution of wax esters ranging from C40 to C48 and 
maximising at C46 [Fig. 2.31(b)]. The predominant alkanol moiety was identified as n- 
triacontanol (C30). Also present in this fraction were a phytyl ester (29.1 µg gla, t) 
thought to contain a C18: 3 acyl moiety, 24-ethylcholest-5,22-dienyl acetate (17.5 µg g' 
Idm) and 24-ethylcholest-5-enyl acetate (28.4 µg g'ldm). Sterols dominated the alcohol 
fraction, the foremost of which was sitosterol present in an abundance of 450.5 µg g- 
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Figure 2.30 Partial gas chromatogram of the total lipid extract of Rhynchospora alba. 
Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; `: = 
5-n-alkylresorcinols (number = length of alkyl side-chain); PE = phytyl esters; SE = 
steryl esters; TAG = triacylglycerols; numbers in bold indicate total number of carbon 






Figure 2.31 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in R. alba. 
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stigmasterol (60.8 µg g'ldwt). The homologous series of n-alkanols identified in the TLE 
(Fig. 2.30) were observed to have a bimodal distribution ranging from C22 to C32 and 
maximising at n-tetracosanol (C24) and n-triacontanol [C30; Fig. 2.31(c)]. An even-over- 
odd predominance was obvious with the odd chain components only present in very low 
concentrations, reflected by the low CPI value of 8.3. A series of 5-n-alkylresorcinols 
with substituents ranging in chain length from C21 to C25 were observed in this fraction 
(Fig. 2.25). Their distribution was monomodal and maximised around 5-n- 
tricosanylresorcinol (C23), displaying a strong odd-over-even predominance. The 
saturated n-alkanoic acid distribution was wide, ranging from C14 to C34 [Fig. 2.31(d)]. 
The series was dominated by n-hexadecanoic acid (C16; 124.5 jig g'td,, t) although n- 
tetracosanoic acid (52.2 µg g"'d,,,, t) was prevalent amongst the later eluting homologues, 
thereby generating a bimodal distribution. Dominating the acid fraction were C18: 1 and 
C18: 2 unsaturated fatty acids (200.4 µg g'lam and 250.4 µg 9-1 dm respectively), with the 
unsaturated C16: 1 and C20: 1 components being present in lower concentrations. 
2.4.1.16 Empetrum nigrum 
Lipid analysis of E. nigrum revealed a total free lipid content of 83.2 mg g'ld,, t, of which 
the prevalent compound was identified as ursolic acid (Fig. 2.32). However in the TLE 
there were several abundant unidentified free sugars. Pentacyclic triterpenoids were 
abundant including oleanolic acid, a-amyrin and ß-amyrin (in decreasing importance). 
n-Alkanes were observed in relatively high concentrations and wax esters were present 
at significant abundance. At lower abundances were homologous series of n-alkanols, 
hexadecanoic acid, linoleic acid and terpenyl esters. 
The homologous series of n-alkanes seen in the TLE dominated the non-polar fraction 
of E. vaginatum ranging from C23 to C35 [Fig. 2.33(a)]. Odd components were strongly 
dominant (CPI = 30.8) and described a monomodal distribution maximising at n- 
hentriacontane (C31). The average chain length of 30.8 illustrated the predominant 
nature of the C29 to C33 homologues. The wax esters eluting in the DCM fraction ranged 
from C36 to C50, displaying a bimodal distribution with maxima at C40 and C46 [Fig. 
2.33(b)], the latter being based upon C24 and C30 alkanol moieties, respectively. Other 
esters present included terpenyl esters, albeit in low concentrations. a-Amyrin 
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Figure 2.32 Partial gas chromatogram of the total lipid extract of Empetrum nigrum. 
Key: "= n-alkanoic acids; 0= n-alkanols;  = n-alkanes; f= wax esters; TE = 





Figure 2.33 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in E. nigrum. 
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dominated the alcohols, being present at a concentration of 1275 µg g'ldt, with ß- 
amyrin being present in lower abundance (301.2 µg g"dwt). Sitosterol was the only sterol 
observed, at a concentration of 230.3 µg g"Id,,,, t. The n-alkanols were relatively less 
abundant (total concentration of 800 µg g-la,,, t) and the homologous distribution ranged 
from C22 to C30 with almost complete even-over-odd predominance [Fig. 2.33(c)]. The 
predominant component was n-triacontanol (C30) and peripheral homologues described 
a monomodal distribution. The high abundance of triterpenoid acids in the acid fraction 
reflected the dominance of this compound class seen in the GC analysis of the TLE; 
ursolic acid (9290 µg g'Id,,,,, ) and oleanolic acid (3530 µg g"Idt) were both very 
abundant. The unsaturated C18: 2 fatty acid was detected in low abundance (87.5 µg g' 
Idwt), whilst saturated n-alkanoic acids were observed only in low concentrations with n- 
hexadecanoic acid [63.6 µg g"ld,,, t; Fig. 2.33(d)] being the most abundant. 
2.4.1.17 Vaccinium oxycoccus 
A TLE of 61.5 mg g'idwt was obtained from V. oxycoccus in which the prevalent 
compound was clearly revealed by HTGC to be ursolic acid (Fig. 2.34). Other abundant 
components included taraxerone, taraxerol, ß-amyrin, sitosterol, a-amyrin, lupeol, 
oleanolic acid, 24-ethylcholest-5,22-dienyl acetate and 24-ethylcholest-5-enyl acetate; 
n-alkanes, n-alkanols, n-alkanoic acids and n-aldehydes were observed at lower 
abundance. 
The GC profile of the non-polar hexane fraction exhibited an homologous series of n- 
alkanes ranging from C19 to C33 [Fig. 2.35(a)]. This distribution possessed a monomodal 
distribution demonstrating clear odd-over-even predominance (CPI = 14.7), and 
maximised at C29 with the high abundance of the peripheral C27 and C31 homologues 
being reflected in the average chain length (29.2). Inspection of the DCM fraction 
revealed a low abundance of wax esters in a narrow distribution ranging from C40 to Cab 
with a single maximum at C48 [Fig. 2.35(b)]; each was based predominantly on a C24 n- 
alkanol moiety. This fraction was also identified as containing low concentrations of 
methyl ketones (C25-C29) and n-aldehydes (C24-C32). The predominant compounds 
contained within the DCM fraction were taraxerone (396 µg g"ldm), ethylcholest-5,22- 
dienyl acetate and 24-ethylcholest-5-enyl acetate; although the latter two co-eluted with 
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Figure 2.34 Partial gas chromatogram of the total lipid extract of Vaccinium oxycoccus. 
Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; SE = steryl 
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Figure 2.35 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in V oxycoccus. 
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terpenyl esters based on a-amyrin, ß-amyrin and lupeol precluding meaningful 
quantification. The n-alkanol distribution [Fig. 2.35(c)] was narrow and bimodal, 
ranging from C22 to C30 maximising at n-tetracosanol (n-C26) and n-octacosanol (C28); 
their profiles display an even-over-odd predominance. However, the C23, C25 and C27 
homologues were observed at significant abundances resulting in a lower CPI value of 
11.2. Sterols were abundant in this fraction the most significant of which was sitosterol 
(454 i. g g la"-c) with other sterols present including stigmasterol (191 µg ggld,,, t) and 
campesterol (41 µg g"ld,,, a). Triterpenoids were noted in high relative abundance, 
including a-amyrin (375 µg g td,,,, t), lupeol (314 µg g'ldwt) and ß-amyrin (180 µg g'). 
As seen in the TLE, the polar acid fraction was completely dominated by ursolic acid 
(12350 µg g lawt), with oleanolic acid (3315 µg g'Id,,,, t) also present in relatively high 
abundance. The distribution of n-alkanoic acids [Fig 2.35(d)] ranged from C16 to C28 
displaying a strong even-over-odd predominance. The predominant component was n- 
hexadecanoic acid (C16) although of the later eluting homologues n-docosanoic acid was 
prominent. Unsaturated fatty acids present included the C18:, and C18: 2 components, 
which although dominant amongst the alkanoic acids were of relatively low abundance 
overall. 
2.4.1.18 Erica tetralix 
A TLE of 111.7 mg g'ldwt was obtained upon the solvent extraction of E. tetralix of 
which HTGC showed the prevalent compounds to have skeletons based on a 
pentacyclic triterpenoid. The GC profile (Fig. 2.36) revealed a-amyrin to be 
predominant followed closely by lupeol, with ß-amyrin of relatively lower abundance. 
Other compounds present in significantly high concentrations included unidentified 
terpenyl esters, ursolic acid and oleanolic acid. An homologous series of n-alkanes was 
also relatively abundant, whilst n-alkanols, n-alkanoic acids and wax esters (not 
annotated) were present at significantly lower abundance. 
The distribution of n-alkanes ranged from C23 to C33 and displayed a monomodal 
distribution with a distinct odd-over-even predominance [CPI = 23.4; Fig. 2.37(a)]. The 
dominant homologue was n-hentricontane (C31), the high abundance of the longer chain 
length components being reflected by the high average chain length (30.9). Inspection 
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Figure 2.36 Partial gas chromatogram of the total lipid extract of Erica tetralix. 
Key: "= n-alkanoic acids; «) = n-alkanols;  = n-alkanes; [- i= n-aldehydes; f= wax 
esters; TE = terpenyl esters; TA = terpenyl acids; numbers in bold indicate total number 






Figure 2.37 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in E. tetralix. 
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of the DCM fraction revealed a range of wax esters from C40 to Cso [Fig. 2.37(b)], the 
most abundant being the C46 and C50 components, based on either C24 or C26 n-alkanol 
moieties. Other compounds present in this fraction include the unidentified terpenyl 
esters, present in a total concentration of 1276µg g'ld,,,, t. As seen from the TLE the 
alcohol fraction contains abundant pentacyclic triterpenoids of which a-amyrin (8006 
µg g71 dwt) predominates, followed by lupeol (5079 µg g'ldm) and ß-amyrin (2242 µg g " 
Id,, 
t). Also identified but in much lower abundance were olean-13-enol (136 µg g"ld,, t) 
and urs-13-enol (134 µg g"ld,,,, t). The only sterol detected was the C28 sterol, campesterol 
(69 µg g la. Ht). n-Octacosanol (C28) was the most abundant n-alkanol in a distribution 
that ranged from C22 to C28 [Fig. 2.37(c)]. Even chain length components predominated 
although some odd components were present in elevated abundances resulting in a low 
CPI value (9.7). n-Hexadecanoic acid (C16; 131 dug g'ldwt) was the prevalent n-alkanoic 
acid [Fig. 2.37(d)] in a bimodal distribution displaying even-over-odd predominance; n- 
docosanoic acid (C22) was dominant amongst the later eluting components. The C18: 1 
unsaturated acid was observed in relatively low abundance. Also eluting in this fraction 
was ursolic acid (3842 µg g'ld,,, t), the most abundant acid present, and oleanolic acid 
(3218 µg g' )" 
2.4.1.19 Calluna vulgaris 
The TLE (67.7 mg g'ldwt) of C. vulgaris was shown by HTGC to be completely 
dominated by the triterpenoids (Fig. 2.38) ursolic and oleanolic acids. Compounds 
present at lower abundances included n-alkanes, taraxerol, ß-amyrin, sitosterol, a- 
amyrin, unidentified terpenyl esters, a steryl ester and TAGs. The principal fatty acid 
moieties present within these TAGs were C16 and/or C18 (C18: 1 and C1g: 2). Other 
components present at relatively low abundances were homologous series of n-alkanoic 
acids and n-alkanols. 
The non-polar hexane fraction contained an homologous series of n-alkanes in relatively 
high abundance (total concentration = 784 µg g'la,,,, t) ranging from C19 to C35, which 
described a monomodal distribution maximising around n-hentricontane (n-C31) [Fig. 
2.39(a)]. The average chain length is 30.3 and the obvious odd-over-even predominance 
is reflected in the high carbon preference index value of 14.0. Wax esters revealed by 
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Figure 2.38 Partial gas chromatogram of the total lipid extract of Calluna vulgaris. 
Key: "= n-alkanoic acids; (= n-alkanols;  = n-alkanes; SE = steryl esters; TE _ 
terpenyl esters; TA = terpenyl acids; TAG = triacylglycerols; numbers in bold indicate 




Figure 2.39 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in C. vulgaris. 
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HTGC analysis of the DCM fraction [Fig. 2.39(b)] were present at low concentrations 
in a narrow distribution ranging from C40 to C46, the C40 homologue being by far the 
most abundant. The total concentration of wax esters of 118 µg g'1d,,,, underlined the low 
abundance of this group of compounds. The DCM fraction was also observed to contain 
24-ethylcholest-5-enyl acetate (208 jig g"ld, t), taraxerone (123 µg g'ldt) and 
unidentified terpenyl esters (total concentration = 976 µg g Idwt). The major compound 
detected amongst the alcohol fraction was the C29 sterol, sitosterol (620 µg g"ldwt), with 
the C28 sterol, campesterol (33 µg g''dwwt), being present at a much lower concentration. 
Triterpenoids were also relatively abundant: a-amyrin (541 µg g'1d,,,, t), ß-amyrin (283 jig 
g"'th t) and taraxerol (82 µg 9-Id t). The distribution of n-alkanols [Fig. 2.39(c)] was 
narrow and ranged from C22 to C30, with the components describing a bimodal pattern 
with an even-over-odd predominance (CPI = 19.4). The distribution maximised around 
n-octacosanol (C28) with a second maximum at n-tetracosanol (C24). The triterpenoid 
acids seen to be prevalent in the TLE dominated the polar acid fraction. Ursolic acid 
was predominant at an abundance of 11560 µg g"ldwt, whilst oleanolic acid was also 
relatively abundant (6433 jig g"ldt). Figure 2.39(d) illustrates the distribution of the 
fatty acids present in this fraction. n-Hexadecanoic acid (n-C16) clearly dominated the 
early eluting acids whilst of the latter acids (>C18) the C22 component was of greatest 
abundance. The unsaturated acids linoleic acid (C18: 2) and oleic acid (C18: 1) were 
detected in relatively low abundance. 
2.4.1.20 Andromeda polifolia 
Solvent extraction of A. polifolia yielded a total lipid extract of 50 mg g"d,,, t of which 
HTGC analysis revealed the prevalent compound to be ursolic acid (Fig. 2.40). Also of 
significant abundance were sitosterol, n-hentriacont-14,16-dione, oleanolic acid, several 
unidentified triterpenoids and terpenyl esters. Of the homologous series identified n- 
alkanes seemed the most important, followed by n-alkanoic acids, n-alkanols and wax 
esters. Also present in relatively low abundance were TAGs in which the main acyl 
moieties were C16 and/or C18 (C18: 1 and C18: 2). 
Analysis of the purified non-polar hexane fraction revealed n-alkanes displaying an 
odd-over-even predominance (CPI = 27.2) ranging in carbon number from C21 to C33 
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Figure 2.40 Partial gas chromatogram of the total lipid extract of Andromeda polifolia. 
Key: "= n-alkanoic acids; = n-alkanols;  = n-alkanes; f= wax esters; TE = 
terpenyl esters; TAG = triacylglycerols; numbers in bold indicate total number of 





Figure 2.41 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in A. polifolia. 
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[Fig. 2.41(a)]. The distribution maximised at the C31 homologue and was dominated by 
longer chain n-alkanes resulting in an average chain length of 29.7. Wax esters were 
present in very low abundance as depicted in Fig. 2.41(b). The observed distribution 
was narrow and ranged from C40 to Cab, with the C40 and C42 components 
predominating; these were based almost entirely on a C20 n-alkanol moiety. Other 
compounds contained in this fraction included trace quantities of n-aldehydes, 24- 
ethylcholest-5-enyl acetate (193 µg g'ld,,,, t) and unidentified terpenyl esters with a total 
concentration of 519 µg g"ld,,,, t, however, the dominant component in this fraction was a 
14,16-C31 dione (1978 µg g'ld,,, t). The alcohol fraction was dominated by sitosterol (462 
µg g''dWt) with other sterols identified including stigmasterol (23.7 µg g'la,,,, t) and 
campesterol (18.4 i. g 971d wt); the sole triterpenol identified was a-amyrin (11.4 pg g' 
'd,,,,, ). The unidentified compounds present in abundance in this fraction (seen in the 
TLE) were tentatively assigned as having a triterpenoid skeleton. The n-alkanols present 
ranged from C20 to C3o displaying an even-over-odd predominance (CPI = 19.0) and 
maximising at n-eicosanol [C20; Fig. 2.41(c)]. However, the peripheral homologues 
described a bimodal distribution with the C30 component dominating the higher 
molecular weight components. The distribution of acids seen in the TLE (Fig. 2.40) is 
clearly dominated by the C16, C20 and C22 homologues [Fig. 2.41(d)]. These components 
were striking in their predominance over the other homologues, allowing a bimodal 
description to be fitted only loosely. The unsaturated C18: 1 acid was detected in low 
abundance. Dominating this fraction and the TLE as a whole was ursolic acid (1114 µg 
g''dwt), the related triterpenoid oleanolic acid also being of relatively high abundance 
(351 µg 971d wt)- 
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2.4.1.21 Cladonia species 
Cladonia species lichen contained low abundances of lipid, solvent extraction yielding 
only 12.7 mg g'' d,. Of these HTGC (Fig. 2.42) showed an unidentified compound to be 
predominant with a simple mass spectrum; m/z 293 (100%), 73 (24%), 236 (5%), 193 
(3%), 147 (2%). Amongst the identified components ursolic acid predominated, with 
oleanolic acid, a-amyrin, n-hentriacontane and n-hexadecanoic acid also present in 
significant abundances. n-Alkanoic acids were the only homologous series in obvious 
presence, although very low quantities of n-alkanes, n-alkanols and wax esters were 
detected. 
The total concentration of n-alkanes was low (35 µg g-td", ) and the distribution ranged 
from C21 to C33, maximising at C31 [Fig. 2.43(a)]. The pattern formed by the 
components was monomodal displaying an odd-over-even predominance (CPI = 9.0) 
and the average chain length was 30.0. Wax esters identified in the DCM fraction were 
also of very low abundance (15 µg g'td,,,, t) but had a wide bimodal distribution ranging 
from C36 to C53 [Fig. 2.43(b)]. The two maxima occurred at C42 and C50 and were based 
almost exclusively on C24 n-alkanol moieties. Also detected in trace quantities in this 
fraction were C25 and C29 methyl ketones, whilst of marginally greater abundance than 
the wax esters were taraxerone (9.1 µg g'td,,, t), a-amyrinone (6.5 µg g-tdM), lupanone 
(3.7 µg g"ta,,, t) and ß-amyrinone (1.9 µg ggtd,,,, t). Triterpenoids also dominated the more 
polar alcohol fraction with a-amyrin (15.6 µg g-td,,,, t) prevalent and ß-amyrin (8.5 jig g' 
tdwt) also present. The C29 sterol sitosterol was also detected in relatively low abundance 
(3.3 µg g-tawn)" The n-alkanol distribution was narrow, ranging from C22 to C28, and of 
very low abundance [12 ry µg g d,,,, t; Fig. 2.43(c)]. A component corresponding to n- 
octacosanol (C28) dominated and peripheral homologues described a monomodal 
pattern. As intimated by inspection of the TLE (Fig. 2.42) the homologous series of n- 
alkanoic acids were more abundant, the total concentration being 141 µg g-td,,,, t. The 
saturated acids ranged from C14 to C32 [Fig. 2.43(d)] with a maximum at n- 
hexadecanoic acid. However, the latter part of the series was dominated by the C28 acid 
thereby generating a bimodal distribution. The C18: 2 unsaturated acid was observed at 
relatively low abundance. Ursolic acid was by far the dominant component in this 
compound class present at a concentration of 140 µg g'td,,,, t, with oleanolic acid (51 jig g' 
td, ) and an unidentified triterpenoid acid (4.9 µg g'td, t) also detected. 
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Figure 2.42 Partial gas chromatogram of the total lipid extract of a Cladonia species 
lichen. Key: "= n-alkanoic acids;  = n-alkanes; numbers in bold indicate total 





Figure 2.43 Distributions and concentrations of (a) n-alkanes, (b) wax esters, (c) 
n-alkanols, and (d) n-alkanoic acids in a Cladonia species lichen. 
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2.4.1.22 Replicate Samples of Sphagnum inagellanicum Collected Across a Two 
Hundred Metre Transect Across the Bog 
The five samples of S. magellanicum yielded TLEs of similar abundance, lying within 
the range 12.2-16.9 mg g"ld,,,, t. Analysis of these extracts by HTGC produced 
chromatograms of essentially identical nature to that of the sample described previously 
(see Section 2.4.1.1; Fig. 2.1). A summary of the distributions and abundances of the 
major compound classes is depicted graphically in Figure 2.44. 
It can be seen that the n-alkane distributions [Fig. 2.44(a)] are similar, the obvious 
differences occurring in the relative amounts of the shorter chain (C21-C25) and longer 
chain (C27-C33) components. This was most evident between the samples at 40,120 and 
160 m and those at 80 and 200 m; two sub-groups that appeared to have slight 
differences between each other. However, the general pattern was the same with a 
considerable contribution from the shorter chain length n-alkanes resulting in average 
chain lengths of between 27.0 and 28.1. 
Wax esters in the replicate samples exhibited distributions ranging from C38 to C54 
possessing a bimodal pattern with maxima at short and long chain length homologues 
[Fig. 2.44(b)]. Mass spectral analysis revealed them to be predominantly based on a C26 
n-alkanol moiety. However, two sub-groups can again be identified with those samples 
at 40,120, and 160 m being dominated by C48 and C50 wax esters, whilst those at 80 and 
200 m by the shorter C42 component. 
Inspection of the n-alkanols revealed a series of distributions that exhibited very similar 
abundances and patterns [Fig. 2.44(c)]. The significant homologues showed 
distributions in the range C22 to C32 always maximising about n-hexacosanol (C26), 
although there was a slight elevation in the abundance of the C32 homologue. 
Interestingly, the differences noted in the n-alkanes and wax esters do not appear to 
have materialised in this case, although one minor anomaly was the slightly increased 
abundance of the C28 component in the sample from 80 m. 
The distributions of n-alkanoic acids [Fig. 2.44(d)] were all rather similar yielding a 
bimodal distribution in the range C14 to C32 maximising at n-hexadecanoic acid (C16) 
and n-hexacosanoic acid (C26). The C24 component was also significant and it was these 
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Chapter 2 Lipids in Peat-Forming Vegetation 
three homologues that showed the most variation between samples. In general it was the 
shorter chain length C16 component that predominated except in the sample from 120 m, 
in which the longer chain length components (C24 and C26) were present at increased 
abundances. 
2.4.2 Stable Carbon Isotope Compositions 
2.4.2.1 Bulk S13C Analysis 
Table 2.2 summarises the bulk S13C values for all flora sampled and previously analysed 
for lipid content. Values represent homogenised material and are the result of triplicate 
analyses, replicates falling within the experimental error of ±0.5 %o. These data provide 
useful background data for the bulk stable carbon isotope compositions of peat-forming 
plants, useful in later considerations of S13C values of peat itself. 
Table 2.2 Bulk 813C values of the peat-forming vegetation. 
Species Bulk 813C value / %o 
Sphagnum magellanicum -27.9 
S. imbricatum -27.1 
S. capillifolium -27.5 
S. cuspidatum -25.0 
S. palustre -30.1 
S. papillosum -26.4 
S. recurvum -26.7 
S. sub-nitens -26.1 
Polytrichum sp. -25.8 
Aulacomnium palustre -27.4 
Hypnum cupressiforme -28.3 
Eriophorum vaginatum -25.0 
E. angustifolium -24.7 
Trichophorum cespitosum -25.5 
Rhynchospora alba -25.2 
Empetrum nigrum -28.9 
Vaccinium oxycoccus -28.5 
Erica tetralix -25.8 
Calluna vulgaris -28.6 
Andromeda polifolia -26.9 
Cladonia s- 
--------------------- - -24.6 -- -- - ------- - ----- S. magellanicum (40 m) -- ------------- ---------------------- -28.4 
S. magellanicum (80 m) -27.3 
S. magellanicum (120 m) -28.1 
S. magellanicum (160 m) -24.5 
S. magellanicum (200 m) -26.7 
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2.4.2.2 Compound Specific S13C Analysis 
The 813C values of individual n-alkane homologues for all species of peat-forming 
vegetation sampled are summarised in Table 2.3. Inspection of the data revealed a wide 
range of stable carbon isotope values (-29.6 to -39.8 %o), with a variation of 10.2 %o. 
Characteristically, these values were depleted in relation to those obtained for the bulk 
tissue, a feature ascribed to isotopic fractionation during the oxidation of pyruvate to 
acetyl coenzyme-A in lipid biosynthesis (DeNiro & Epstein, 1977). 
The most interesting feature was the depleted nature of the S13C values for the shorter 
chain length n-alkanes (C21-C25) observed in the Sphagnum species, which were on 
average about 5 loo more depleted than the longer chain length homologues (C27-C33). 
This observation had been reported previously for S. capillifolium and S. fuscum, 
although to a lesser extent with the depletion only being about 2o (Ficken et al., 
1998). This feature was not as exaggerated in the isotopic composition of the n-alkanes 
of S. cuspidatum (variation -3 o), although it followed the same general pattern. The 
three non-Sphagnum bog mosses also displayed relatively depleted 813C values for 
shorter chain length components, which became enriched with increasing chain length. 
The Cladonia lichen species appeared to mirror this relationship, its lipid 513C values 
becoming more depleted with increasing chain length although the C33 n-alkane was 
relatively enriched. S13C values could only be reliably obtained for the longer chain n- 
alkanes of the higher plants due to very low abundances of the shorter components. 
These appeared to be fairly constant within each species with a variation of less than 1 
%o, although interspecies variation was greater (-4 %o). 
The results from the Sphagnum magellanicum replicate samples showed a very similar 
trend in 813C values, which agreed favourably with the observations for Sphagnum 
described above; depleted values for shorter chain length homologues and relatively 
enriched values for longer chain components. However, they did show variation 
between samples of up to ca. 2.5 %o for each n-alkane homologue (Table 2.3; Fig. 2.45). 
This was significantly outside the range of experimental error. The samples from the 
centre of the bog and 80 m without have the most enriched values and that from 200 m 
the most depleted. 
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Figure 2.45 513C value plots of replicate Sphagnum magellanicum n-alkanes. 
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2.5 Discussion 
The compositional data obtained from the analyses of the total lipid extracts and 
purified lipid fractions of flora sampled indicate great diversity in the composition of 
peat-forming plants. At first glance a basic grouping can be seen with certain 
compounds or distributions appearing to be characteristic for different plant types; short 
chain n-alkanes for Sphagnum, 5-n-alkylresorcinols for sedges and a high triterpenoid 
content for Ericaceae. With respect to molecular inputs to the peat deposit, this indicates 
that lipid compositions of peat horizons would be expected to reflect that of the major 
peat-forming species of that time. The major peat-formers at the sample site, Bolton Fell 
Moss, are Sphagnum and Eriophorum species. Therefore it is the characteristics of the 
lipid composition of these plants that are of most importance and these will be discussed 
in greater detail below. 
The most notable feature of the free lipids of the Sphagnum species is the distribution of 
the n-alkanes. In all species there is characteristically a large contribution of the shorter 
chain length homologues, which agrees with previous findings (Corrigan et al., 1972, 
1976; Karunen & Salin, 1981; Ficken et al., 1998) and is consistent with plants growing 
in a wet environment (Barnes & Barnes, 1978). These shorter homologues, n-C23 and n- 
C25, are present in varying amounts between species, with no correlation obvious 
between abundances and chemotaxonomy or biological classification but are significant 
when the n-alkane distributions of the other plant samples are considered. The latter 
were dominated by the longer chain components, i. e. the n-C29, n-C31 and n-C33 
homologues, typical of higher plants, with only very minor contributions from n-C23 
and n-C25 (e. g. Eglinton & Hamilton, 1967). One exception to this was the alkanes of 
the bog moss Aulacomnium palustre, which were dominated by the n-C27 homologue. It 
can thus be seen that n-alkane distributions have considerable potential value as source- 
specific biomarkers for Sphagnum in raised bogs. It should be noted that C23 and C25 n- 
alkanes have also been detected in abundance in submerged and floating aquatic 
macrophytes in lakes (Ficken et al., 2000) 
The distribution of n-alkanols at first glance appears very similar between species. 
However, on closer inspection it is observed that two of the species, S. capillifolium and 
S. sub-nitens, are dominated by n-tetracosanol as opposed to the n-C26 maximum of the 
remaining species. These two species belong to the same section within the genus 
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Sphagnum, Section Acutifolia, raising possibilities of drawing chemotaxonomic 
relationships. Furthermore, of the six other species two species (S. cuspidatum and S. 
recurvum) are observed to contain elevated abundances of the n-C30 homologue 
compared to the other four species. Interestingly, S. cuspidatum and S. recurvum belong 
to Sphagnum Section Cuspidata whilst S. magellanicum, S. imbricatum, S. palustre and 
S. papillosum belong to Sphagnum Section Sphagnum. This demonstrates a further 
possible chemotaxonomic relationship with the n-alkanols, also reflected in the 
predominant alkanol moiety in the wax esters identified. Another interesting feature of 
the free lipid distribution in the Sphagnum species analysed is the occurrence/abundance 
of pentacyclic triterpenoids. These are present in relative abundance in all species 
studied with the exception of S. palustre. This is the sole mesotrophic species sampled; 
the seven other samples preferring a predominantly oligotrophic habitat. Also of interest 
is the lack of triterpenoid acids in S. recurvum, these being abundant in the majority of 
species. This species favours oligotrophic to somewhat mesotrophic habitats, perhaps 
explaining the absence of these acids and hence the reduced quantities of triterpenoids 
overall. 
The most diagnostic observation in the sedge species analysed was the identification of 
a series of 5-n-alkylresorcinols. These compounds were detected solely in those plants 
classified as sedges, in which they had not been previously reported. Other known 
sources of these compounds are rye, barley grains and wheat bran (Kozubek, 1985; 
Tyman, 1991), along with some bacteria (Reusch & Sadoff, 1979; Kozubek et al., 
1996). However, in this situation the detection of 5-n-alkylresorcinols in a peat deposit 
would suggest the presence of sedge species. Moreover, the distributions of the alkyl 
side chains were distinct between the major sedge contributor, Eriophorum vaginatum, 
and the other species (see Fig. 2.25); the major alkyl chain being n-heneicosane in E. 
vaginatum from a range C19 to C25, whilst E. angustifolium and Trichophorum 
cespitosum have a range of C21 to C27, maximising at C25. Therefore the abundance and 
distribution of 5-n-alkylresorcinols should be of use as biomarkers in providing 
information on the contribution, and potentially even the species, of sedge involved in 
peat formation. It should also be noted that E. vaginatum contained a dominant series of 
wax esters (Fig. 2.23) which may be considered characteristic. However, it is believed 
that these would be of limited use as an indicator for this species in degraded material 
since transesterification and selective degradation of the shorter homologues would be 
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expected to affect abundances and distributions (cf. Jambu et al., 1995). Overall 
abundances of wax esters may still though be indicative of higher or lower contributions 
of E. vaginatum. 
The Ericaceae were generally characterised by their higher lipid content, of which the 
vast majority was pentacyclic triterpenoids. All but one were dominated by ursolic acid, 
that being Erica tetralix which contained high abundances of triterpenols (e. g. a- 
amyrin) and triterpenyl esters. Distributions of other lipids were rather similar. The 
Cladonia lichen species was also dominated by triterpenoids, however it had a very low 
lipid content in comparison with the Ericaceae analysed. The major compound present, 
which remains unidentified, was specific to Cladonia and could be a biomarker of its 
contribution to ancient peat deposits. This would be useful as lichen plant remains 
decay very rapidly and are unidentifiable in the macrofossil record. 
Determination of bulk stable carbon isotope compositions provided S13C values which 
were well within the range associated with plants using the C3 photosynthetic pathway 
(-32 to -20 %o; Smith & Epstein, 1971). However, no clear relationships could be drawn 
from these results. The primary observation of trends in compound specific stable 
carbon isotope compositions was the depleted values of the shorter chain length n- 
alkane homologues in the Sphagnum species analysed. This provides a potential basis 
for confirming the origin of shorter chain length components in peatified material. 
The results from the lipid analysis of the replicate Sphagnum magellanicum samples 
show more or less identical free lipid distributions, confirming the reproducibility of the 
analytical methods used. However, there do appear to be minor differences with the 
presence of two sub-groups being demonstrated. This perhaps suggests some 
mechanism influencing variations in the biosynthesis of lipids, most likely involving 
environmental forcing. For example, one group could be of a drier habitat (hummock) 
and the other a slightly wetter habitat (pool). However, isotope values do not support 
this suggestion. Plants growing in a wetter location would be expected to have enriched 
S13C values due to diffusive resistance to uptake of CO2 (Rice & Schuepp, 1995). The 
S13C values obtained for the replicate samples do not correlate with lipid distributions, 
making explanations for these variations unclear. However, it should be pointed out that 
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interpretation of isotopic data should be made with care as plants growing in hollows 
(i. e. wetter environments) will take up a proportion of respired CO2 that results in 
depleted values, the reverse expected due to diffusive resistance (Price et al., 1997). 
2.6 Conclusions 
Free lipid distributions of several peat-forming plant species were assessed as TLEs and 
purified lipid fractions in order to identify possible characteristic biomarker compounds 
or distributions. The samples selected included the major peat-formers at Bolton Fell 
Moss and comprised Sphagnum, other bog mosses, sedges, Ericaceae and lichen. The 
most interesting findings can be summarised as follows: 
" n-Alkane distributions of Sphagnum are characterised by large contributions from 
shorter chain length homologues. Consequently, the C23 and C25 n-alkanes have 
biomarker potential as source-specific indicators in peat bogs. 
" n-Alkanol distributions of different Sphagnum species appear to reflect their 
chemotaxonomic grouping, whilst their triterpenoid abundances are dependant on 
the biological habitat. 
" Sedge species exclusively contain 5-n-alkylresorcinols, indicating these compounds' 
potential as biomarkers for sedge in peat deposits. Moreover, their distributions may 
provide information on the species of sedge. 
" Ericaceous species contained predominantly pentacyclic triterpenoids and thus the 
identification of these compounds in high abundance in peatified material could be 
indicative of the presence of these plants. 
" 813C values of shorter chain n-alkane homologues originating from Sphagnum were 
relatively depleted in comparison to longer chain components and other species. 
This provides an isotopic signature for Sphagnum input into peat deposits. 
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9 Analysis of replicate S. magellanicum samples from across the bog surface revealed 
good reproducibility but with minor variation in lipid distributions. This is assumed 
to be a result of slight differences in environmental habitat, the details of which are 
as yet unclear. 
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An Investigation of Sub-Recent Peat: Lipid Abundances and 
Distributions 
Chapter 3 Sub-Recent Peat 
The work presented in this chapter was performed in collaboration with Dr Shucheng 
Xie, a visiting fellow from China. Initial extractions and analytical work was supervised 
by the author, with subsequent analyses performed by Dr Xie. The interpretation and 
presentation of this data is solely that of the author. 
3.1 Objectives 
In the previous chapter,, characteristic lipid distributions of peat-forming plants were 
investigated and hence their potential use in reflecting past inputs to accumulated peat 
postulated. The aim of this chapter is to examine the distributions of free lipids in a peat 
deposit to determine whether these signals are preserved and if the molecular 
fingerprints do indeed reflect changing plant populations in response to climatic 
changes. In addition, lipid compositions are investigated to determine any apparent 
chemical changes as affected by environmental conditions (e. g. temperature and 
precipitation). The peat investigated is of a young age, having accumulated from c. 220 
yr BP to the present day, a period for which extensive meteorological records exist. The 
immaturity of the peat is also useful in that a detailed macrofossil record is retrievable. 
Thus it is possible to correlate biomarker records with macrofossil and climatic records, 
and assessing the usefulness of a molecular stratigraphic record as a proxy for 
environmental change. This will ultimately be of great use for elucidating climatic 
information from peat bogs where high humification limits the reliability and continuity 
of macrofossil records from the early Holocene. 
3.2 Introduction 
Peat deposits occur extensively over the Northern Hemisphere and, alone amongst 
terrestrial ecosystems, their stratigraphy reveals a record of vegetation changes related 
to climatic variation. The reasonable continuity of this record, in some cases spanning 
the entire Holocene, and the diversity of potentially informative features have made 
them of particular interest to many palaeoecologists (e. g. Barber, 1981,1985,1995; 
Barber et al., 1994; Blackford & Chambers, 1995; Chambers et al., 1997; Charman et 
al., 1999; Mauquoy & Barber, 1999). However, examples of the use of organic 
geochemical tools to study peat bog environments are limited considering the organic- 
rich nature of many of theOse deposits. Of those reported the emphasis is on the changes 
in composition of the organic matter during the accumulation of these peats since these 
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may be considered the first stages of coal formation, and hence correlation has been 
sought between lipid composition and energy properties (e. g. Ketola et al., 1987). The 
remarkable degradation-limiting properties of bogs, as exemplified by their ability to 
preserve archaeological artefacts (e. g. bog bodies), has also been investigated from a 
chemical standpoint (e. g. Evershed & Connolly, 1994). However, genuine attempts to 
elucidate palaeoenvironmental information from biogeochemical molecular 
stratigraphic studies of peats are extremely limited (e. g. Farrimond & Flanagan, 1996; 
Ficken et al., 1998). This is all the more surprising when the sheer size of the carbon 
pool contained within these environments is considered, estimated to be 240 Gt 
(Matthews & Fung, 1987). This emphasises that peat bogs are a significant element in 
the global carbon cycle and as such carry important information on regional (and 
perhaps global) environmental change, interrelating vegetation, atmospheric CO2 and 
anthropogenic activities. 
Previous organic geochemical studies of peat deposits include that by Quirk et al. 
(1984). They investigated ten samples of peat from three environments, and 
contributing organisms for one of those sample sites, for the distributions of triterpenoid 
alkanes, alcohols and acids of the hopane family. The peats examined were 
characterised by a high proportion of C31 aß hopane, probably associated with bacterial 
decay of the plant matter, which was formed at the very earliest stages of diagenesis. In 
addition, extended ßß, aß and ßa acids (the C32 compound being the major component) 
and alcohols (C32 only) were also formed at the earliest stages of diagenesis, although 
major production of the C32 aß and ßßa acids and alcohols occurred at depth presumably 
associated with bacterial activity in the acidic, low nutrient environment. It appeared 
that peats could be differentiated from other sediments on the basis of the proportion of 
C32 aß and ßßa acids, along with the C32 aß and ßß alcohol, and the high relative 
abundance of the C31 aß alkane. 
A more applied study was that of Ketola et al. (1987) who analysed four peat samples 
with differing technological properties in an attempt to establish a correlation with 
extractable lipid content. Two samples were of normal milled peat, one was milled peat 
with a high heat value, and the other was milled peat with enhanced self-heating 
tendencies. Generally, they found that the acidic part of extracts contained mainly long- 
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chain fatty acids and w-hydroxy acids, with some caw-alkanedioic acids, whilst the 
neutrals contained predominantly n-alkanols, with smaller amounts of n-alkanes and 
sterols. The peat with enhanced self-heating resembled the normal milled peats in lipid 
composition and thus the authors concluded that the self-heating ability of milled peat in 
stockpiles does not correlate directly to the distributions of long-chain fatty compounds 
and sterols. However, it was observed that the milled peat with the high heat value 
differed from the other peats in extract content and composition. The amount of TLE 
recovered was significantly higher and the distribution patterns of the hydrolysed 
extract differed: a markedly higher amount of shorter-chain (<C21) extractives present; a 
predominance of the hydroxy acids in the acid fraction; a greater abundance of C18 
unsaturated acids; and higher concentrations of n-alkanols, whilst less n-alkanes and 
sterols. This was thought to reflect the botanical characteristics of the peat and its 
increased humification. 
Lehtonen and Ketola (1993) studied the effect of humification on the content and 
composition of lipids in Sphagnum, Carex, Bryales and Carex-Bryales peats using GC 
and GC/MS. They reported that the content of lipid matter generally increased with 
increasing humification in all peat types and in addition the content and composition of 
that extract was characteristic for the various peat types. The extract content increased 
in the order Bryales, Carex-Bryales < Sphagnum < Carex, ranging from the average 4- 
5% in the former up to 11% in highly humified Carex peat. In terms of composition 
Sphagnum peat was rich in sterols, Carex peat contained high amounts of fatty and w- 
hydroxy acids, Bryales peat showed a comprehensive n-alkanol content, whilst in 
Caret-Bryales peat characteristics of both individual peat types were observed. The 
source of peat lipids was concluded to be mainly mosses and higher plants, indicated by 
the high CPI values of the various compound classes. It was observed that with 
increasing humification the lipid content of the Sphagnum peat increased and its 
composition became increasingly similar to that of the polymerised lipids of S. fuscum 
shoots [reported by Karunen & Ekman (1982)], suggested to indicate a 
depolymerisation process. The authors also noted that under anaerobic conditions the 
lipids present were subject to microbial changes such as hydrogenation and oxidative 
one-carbon degradation for example. This was reflected by the observed stanol/sterol 
ratios which showed increased evidence of hydrogenation of 5-sterols to 5a-stanols 
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(microbial reduction) in the order Sphagnum peat < Carex peat < Carex-Bryales peat < 
Bryales peat and also by the average CPI values of n-alkanes which decreased in the 
same order. In addition, microbially mediated oxidative one-carbon degradation of n- 
alkanoic acids was reported to occur to some extent in the less-decomposed Sphagnum 
peats. The w-hydroxy acids were thought to originate from polymers in the peat- 
forming plants and their accumulation during ageing of these plants appeared to 
contribute to the decay resistance of these plants within the peat. In particular, 
accumulation of polymerised polyhydroxy (9,16- and 10,16-dihydroxyhexadecanoic 
acid and 9,10,18-trihydroxyoctadecanoic) acids, detected by GC analyses following 
saponification of the samples, was deduced to be responsible for the especially high 
decay resistance of Sphagnum mosses. The changing relative abundances of W-hydroxy 
acids also appeared to indicate a change in the primary reaction type during peat 
accumulation, i. e. from degradation (decay of plant debris) to polymerisation (humic- 
forming reactions), at a reasonably low humification level. 
An earlier study by Lehtonen and Ketola (1990) had focussed on minor constituents of 
peat TLEs, namely acyclic methyl ketones. They examined the distributions of these 
compounds, using GC and GC/MS, in two peats (Sphagnum and Carex) and found them 
to be present in similar concentrations (0.3-0.5 mg g"1 dry peat) but of different relative 
abundance (Sphagnum 0.5-0.8% of lipid extract; Carex 0.35-0.5% of lipid extract). 
Qualitatively, the observed methyl ketone distributions of both peats resembled each 
other having chain lengths ranging from C17 to C35 with a high odd-over-even 
predominance, and both containing the isoprenoidal ketone, 6,10,14- 
trimethylpentadecan-2-one. The distributions differed, Sphagnum peat being dominated 
by heptadecan-2-one (C17) and Carex peat by heneicosan-2-one (C21). Changes 
observed with increasing humification were different for each peat type; increasing 
humification of Sphagnum peat was marked by increased relative abundances of the 
shorter chain length homologues (C»-C23), while a strong increase in the relative 
amount of the C21 methyl ketone was observed with increasing humification of the 
Carex peat. The authors concluded that the composition of the ketone fraction showed 
some characteristic features typical for the peat types concerned and could be indicative 
of the specific peat types. Lehtonen et al. (1991) studied the water-soluble lipids of 
these peat types with the aim of determining the composition of lipids that are leached 
into water bodies surrounding peat bogs as a result of draining peatlands for productive 
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use. They found that the amount of lipid matter depended on the peat type and the 
degree of humification. In Sphagnum peat the amount of water-soluble lipids increased 
with increasing humification, whilst the reverse occurred in Carex peat. 
Investigations of peat formation processes have been proposed as models for early 
diagenesis in certain coal deposits. The detection of biomarkers in coal supports 
geological, petrographical and chemical evidence that coal is a product of the 
progressive fossilisation of plant debris. Analysis of low-rank coals has provided 
information on some diagenetic effects but less is known about the initial stages of lipid 
transformations. Therefore characterisation of the lipid composition of peat deposits has 
been undertaken in an attempt to provide such information. Examples of this type of 
study include those by del Rio et al. (1992) and Dehmer (1993,1995). The study by del 
Rio and co-workers (1992) involved the analysis of the lipid composition of two lignite 
samples and one peat sample from closely situated deposits in the Granada Basin (South 
Spain). The differences they observed in the concentration and distributions of various 
homologous series of biomarkers related to the differing maturities of each deposit, with 
a generally greater amount of less altered vegetation being present in peat than in 
lignite. They also noted an important contribution of organic matter derived from the 
microbial biomass for both deposits. Dehmer (1993) investigated a tropical peat bog to 
illustrate the changes occurring during peatification. Results included the observation of 
n-alkanes ranging from C23 to C35, with an odd-over-even predominance, and 
interestingly n-alkanes from C36 to C40. Also reported were pentacyclic triterpenoids 
(mainly hopanes) and some polyaromatic triterpenoids derived from a- and '&amyrin. 
The presence of the n-alkanes (C25 to C33) and the polyaromatic triterpenoids were taken 
to infer a source of primarily angiosperms, a suggestion supported by pollen analysis, 
however, the longer chain n-alkanes could not be satisfactorily explained. Hopanoids 
was assigned a microbial origin, probably contributed during early diagenesis. 
Interestingly, abundances of hopanoids were highest in the oldest peat which was taken 
to imply that microbial activity was more prevalent when the bog was more nutrient- 
rich and aerobic. The presence of the polyaromatic triterpenoids led the author to 
propose that microbial oxidation, strong dehydrogenation and demethylation reactions 
were important during diagenesis. Following this a series of recent peat samples from 
tropical, sub-tropical and temperate locations were investigated in terms of their organic 
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geochemical characteristics in relation to their environment of formation (Dehmer, 
1995). Both aliphatic and aromatic compounds were characterised; the former being 
dominated by odd carbon numbered n-alkanes, the distributions of which suggested a 
higher plant origin (C27 to C33 maxima). Cyclic aliphatic compounds detected were 
mainly of the hopanoid type and seemed to have resulted from microbial activity in 
acidic peat environments (major component 17a, 21ß (H)-22R-homohopane). Higher- 
plant derived diterpenoids and triterpenoids, associated with gymnosperms and 
angiosperms, respectively, were also found and aromatic di- and triterpenoid formation 
appeared to be associated with microbially mediated oxidation in the mire. The 
polyaromatic triterpenoids seemed to be more abundant in dark peats, suggesting a 
relationship with humification, although their occurrence was noted in both acidic and 
alkaline peat environments. 
As previously mentioned there are few lipid stratigraphic studies of peat deposits with 
the aim of reconstructing palaeoenvironments. Farrimond and Flanagan (1996) 
attempted to compare the lipid records of changing vegetation/environment of a peat 
bed from Northumberland, UK with the pollen record. The n-alkanes reported for all 
eighteen samples examined ranged from around C17 to C35 with high odd-over-even 
carbon number predominance, maximising at C29, C31 or in one case only C27; this was 
consistent with a higher plant origin. Considerable variation of the alkane distribution 
was noted between samples which the authors thought may reflect changes in the 
contributions from different plant species. The n-alkanol distributions were dominated 
by C22 to C30 components, although the relative abundances varied widely. There 
appeared to be a general switch from a C22 dominated distribution to a C28 dominated 
distribution in the peat profile investigated. Other compounds identified included 
sitosterol, 5a-stigmastanol, C32 hopanols and hopanes (especially C31 aß hopane). 
Comparison of the results of lipid and pollen records revealed some interesting trends. 
Near-identical n-alkane and n-alkanol distributions were found in samples with quite 
different pollen assemblages, while lipid distributions changed markedly between 
samples in a section of peat where the pollen composition hardly altered. However, the 
overall pollen stratigraphy indicated a change in contributing flora from woodland trees 
to a more diverse assemblage including herbs, shrubs and Sphagnum, which was 
reflected in general trends in lipid composition, notably the progressive change towards 
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longer chain n-alkanols and shorter chain n-alkanes. The increase in Sphagnum was 
recorded by an increased abundance of C31 ct hopane. These results led to the 
conclusions that whilst lipid distributions do record some trends in changing flora, the 
discrepancies between lipid and pollen compositions reflect their respective sources. 
Pollen may be derived from prevailing plant species over a relatively wide area, whilst 
lipids are probably derived from plants local to the sample site. Therefore these records 
can be regarded as complementary sources of palaeoenvironmental information. 
Ficken et al. (1998) combined molecular stratigraphic analyses with a macrofossil 
approach. They investigated selected peat horizons of a blanket bog (Moine Mhor, 
Scotland) for lipid composition and isotopic compositions. For reference and calibration 
purposes they also examined locally dominant plant species for their biomarker content 
(discussed in chapter two). Using this information, along with macrofossil abundances, 
in the sediment core they calculated expected lipid distributions to which they compared 
the actual lipid content observed in the peat. The distributions they found in the peat 
were similar to those reported previously; n-alkanes extended from C19 to C33 with a 
high odd-over-even predominance maximising at C33. These distributions were very 
similar for every sample analysed. The n-alkanols observed ranged from C18 to C32 and 
showed a strong even-over-odd predominance, although variations occurred in the 
maxima from C22 to C30. The n-alkanoic acids identified showed consistent composition 
throughout the core, except for two samples which maximised at C30, the others 
maximising at C24; there was virtually no evidence of wax esters. Comparison between 
the lipid distributions of the plants, the peat and those modelled from the plant 
macrofossil abundances led to the conclusion that there was only limited agreement. 
Explanations for this are: (i) that the actual input from a plant species may have been in 
excess of that indicated by the macrofossil data. This is emphasised by the percentage of 
unidentified organic matter that is present when the macrofossil count is undertaken. 
For example lichens are rarely identified in sub-fossil in peats as they rapidly degrade 
and thus there may be a higher contribution to the accumulated peat than is obvious 
from the macrofossil count. The lipid distributions may therefore reflect a greater input 
from lipids of lichens, which seemed to be partly the case; and (ii) that the input of plant 
lipids will be dependent on their concentrations in the actual plant material contributing 
to the peat. Plants with a high lipid content may contribute more to the lipids of peat 
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than suggested by macrofossil counts alone. Ficken et al. also suggest that the major 
differences between the calculated distribution patterns and those seen in the peat 
extracts may have been due to in situ hydrolysis of the plant wax esters into their 
constituent n-alkanols and n-alkanoic acids, a suggestion backed up in part by 
experimental evidence. As part of this study isotope geochemistry was used to try and 
link the observed compounds in the peat to those from the plants and deduce any 
external forcing effects, such as temperature and precipitation. They measured bulk and 
compound specific 813C values for the peat samples, all of which reflected a C3 plant 
source (bulk -25%o). However, apart from a 2%o negative shift in the top of the peat, 
attributed to increased industrialisation over the last 150 years, the down core variation 
in the 813C values of the n-alkanes, n-alkanols and n-alkanoic acids was very small 
(within the analytical precision of the instrumentation) and so insufficient for 
assessment of climate change. They concluded that multidisciplinary studies are vital as 
both methods are qualitatively useful but neither is truly quantitative. 
A successful use of carbon isotopes in the study of peat bogs was that by White et al. 
(1994) who reported a new method for reconstructing atmospheric CO2 using S13C 
values of mosses and sedges. They exploited the physiological differences in these two 
plants in that, unlike sedges and other plants, mosses do not possess stomata and are 
therefore unable to regulate their uptake of CO2 and water. The S13C values of mosses 
therefore depend on both atmospheric CO2 concentration and available water and hence 
the S13C values of sedges from the same peat can be used to remove the water signal. 
Therefore by combining S13C measurements in mosses and sedges with estimates of 
past atmospheric S13C (from ice cores for example), reconstructions of past CO2 
variations can be made. Despite the assumptions made and the uncertainties introduced 
to the model a good agreement was found between the reconstructed CO2 from peat and 
measurements from the Byrd ice core. This work was extended by Figge & White 
(1995) who reported more data from the same peat core that appeared to fit the CO2 
reconstructed curve in good agreement with measured data. However, this record does 
not agree with much more comprehensive CO2 data from Taylor Dome, Antartica 
(Street-Perrot, pers. comm. ) and it is thought that the peat sequence used may have 
contained burnt (desiccation) surfaces. 
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3.3 Sample Description 
For this investigation a 50 cm peat profile was taken from the centre of Bolton Fell 
Moss. Of this the uppermost 40 cm was analysed using a molecular stratigraphic 
approach at 1 or 2 cm intervals. This profile was targeted because of its age, as 
estimated by comparison with radiocarbon dates on an immediately adjacent profile 
(Barber et al., 1994), and hence associated documented regional climate records and 
well preserved nature of the plant macrofossils contained within. A chronology based 
on lead-210 (21OPb) dates of this monolith implied the accumulation of peat to occur at a 
rate of 1.8 mm yr 1 (Cundy & Chambers, pers. comm. ). Therefore this profile extends 
from 220 yr BP (39-40 cm) to the present day (0 cm) and hence fluctuations in the 
abundances and distributions of the main lipid classes can be directly compared with 
climatic variations and the resultant changes in plant populations. 
The macrofossil profile of an immediately adjacent core (Maddy, pers. comm.; Fig. 3.1) 
illustrates the dominance of Sphagnum, present at levels approaching 100% over most 
of the top 40 cm, and in particular S. magellanicum. Exceptions are increased 
abundances of monocots [primarily Eriophorum vaginatum (Maddy, pers. comm. )] at 
depths 4-9 cm and 31-37 cm. At the depth of 5-7 cm as much as 20% of material 
present in the peat is unidentifiable organic matter, indicative of dry conditions since the 
deposited plant remains take longer to be submerged thus allowing greater degradation 
(Barber, 1995). The instrumental climate records available over this period reveal a 
relatively warmer period prior to A. D. 1800 followed by a cooler period from A. D. 1800 
to 1950, a period sometimes called the Second Little Ice Age. Since this time 
temperatures have increased inducing a warmer period, as can be seen by the higher 
average temperatures in England [Fig. 3.2(a)]. Measurements of rainfall are also 
available for this period [Fig. 3.2(b)], showing that on average the twentieth century has 
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Figure 3.2 Temperature (a) and precipitation (b) records for the last 230 years. The 
mean temperature is based on the growing season for Sphagnum (May to September) in 
England, calculated as a 30 year running-average (Manley, 1974), and precipitation 
based on the yearly Carlisle rainfall record (Jones, 1983; National Meteorological 
Library, Bracknell, UK). 
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3.4 Results and Discussion 
Sub-Recent Peat 
The free lipids of peatified material were extracted and identified and their distributions 
determined. Due to the complexity of the TLE direct analysis by HT-GC was not 
practical therefore further purification steps were undertaken prior to GC analysis. The 
observed results and possible inferences will be discussed for each purified fraction in 
turn. 
3.4.1 Elemental Analysis 
The results from the elemental analyses of the unextracted peat horizons are depicted 
graphically in Figure 3.3. The TOC content increased from the surface to -10 cm, from 
which point followed a sharp decrease with relatively low abundances present down to a 
depth of -27 cm, below which levels rose again. The down core variation in hydrogen 
content was more variable although an initial increase in abundance from 0 cm to -12 
cm was apparent. The sharp decrease in the TOC curve at c. 12 cm appeared to be 
mirrored by a similar drop in hydrogen content at approximately the same depth, from 
which point relatively large fluctuations were predominant. After an initial increase in 
the abundance of nitrogen in the core (0 to -11 cm) its content appeared more stable 
with a slight increase perhaps being evident. This trend was reflected in the ratio of 
TOC to N which, after an initial sharp decrease, showed a slight decrease down core. 
The initial differing increases in the contents of carbon, hydrogen and nitrogen is most 
likely a result of mineralization during which these elements are liberated. The sharp 
decrease in the TOC profile that occurs at approximately 12 cm can be attributed to 
climatic factors. If a cooler climate were prevalent over the period of peat accumulation 
then a lower TOC content would be expected due to lower rates of photosynthesis. If 
the average July temperature in England is considered (Fig. 3.2) over this period it can 
be seen that indeed a cool period did occur at this time. It should be noted that although 
shifted to lower values the general trend over this period is a gradual increase in 
abundance, a trend that continues when shifted to higher values in the earlier warmer 
period. Thus, the TOC profile reflects both changing climate and diagenetic factors. 
However, changes in TOC as a result of changing rates of deposition of inorganic 
material, including plant ash, cannot be ruled out. The trends in the total nitrogen 
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content and ratio of C to N are comparable to those reported by Damman (1988) for 
















Figure 3.3 TOC, hydrogen and nitrogen profiles at Bolton Fell Moss along with the 
ratio of Corg to N. 
3.4.2 Lipid Analysis 
3.4.2.1 Hydrocarbon Fraction 
GC analyses of the non-polar hexane fraction of the peat horizons sampled revealed free 
lipid distributions dominated by n-alkanes. Their distributions ranged from C14 to C35 
and were generally bimodal displaying a distinct odd-over-even predominance (Fig. 
3.4). The most striking feature was the variation in the carbon chain length and relative 
abundances of the maxima, observed to be either tricosane (n-C23) or hentriacontane (n- 
C31). Peat horizons down to 11 cm and from 32 to 40 cm showed a familiar higher plant 
distribution (C31 maximum, odd-over-even predominance), whilst those from 13 to 31 
cm exhibited the C23 component enhanced in relative abundance. This mid-chain length 
n-alkane is known from results of the investigation of the lipid composition of bog 
plants reported in Chapter 2 to originate from Sphagnum. However, these results also 
showed that different Sphagnum species exhibited varying relative abundances of the 
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C23 homologue with some species showing bimodal distributions with both C23 and C31 
maxima. Thus, the dominance of the n-C23 alkane is related to Sphagnum, whilst 
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Figure 3.4 Distributions of the n-alkane homologues detected in the peat horizons. 
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the n-C31 component is found in both the Sphagnum mosses and the vascular higher 
plants that grow on the bog. Figure 3.5 shows a plot of the variation of the ratio of the n- 
C23/n-C31 components, with depth compared with the variation in the proportion of 
Sphagnum macrofossil remains down the profile. This parameter illustrates the varying 
relative abundances of the n-alkane maxima down core and appears to reflect the 
change in relative abundance of Sphagnum and other higher plants, and/or variation in 
Sphagnum species in Sphagnum dominated areas of the core. The macrofossil record 
(Fig. 3.5) shows Sphagnum domination between 8 cm and 33 cm and the C23/C31 ratio 
could be recording changes in Sphagnum species over this period. There was a clear 
increase in the relative abundance of n-C23 present from 33 cm to 19 cm followed by a 
decrease up to 8 cm, shown by the C23/C31 ratio increasing and decreasing almost 
exponentially. This shift might be related to vegetation changes occurring in response to 
climate change with a cold shift being known to occur over this period (Fig. 3.2). 
Indeed, when compared to temperature and precipitation records (Fig. 3.6) it is observed 
that the C23/C31 ratio correlates with temperature, as would be expected, whilst not 
reflecting precipitation. Hence it is proposed that the changing ratio possibly reflects the 
succession of Sphagnum species with differing abundances of the C23 and C31 maxima 
in their bimodal n-alkane distributions, with the low ratio either side of this shift 
reflecting the relatively low Sphagnum abundance in comparison to higher plants as 
shown in the macrofossil record. These changes in plant populations are likely to be 
influenced either directly or indirectly by temperature since this will affect the 
hydrology of the bog, as has been shown by Siegel et al. (1995). Periods of increased 
temperatures will result in a lowered water table through evaporation and thus plants 
preferring this ecological setting will increase in abundance. Conversely, in cooler 
periods the water table will be elevated, again creating a different ecological setting. 
However, this lipid data could not be correlated with changes in Sphagnum species in 
the peat profile as inferred from macrofossil analysis (Fig. 3.1). Discrepancies of this 
nature have been observed in previous studies of peat deposits (e. g. Farrimond & 
Flanagan, 1996; Ficken et al., 1998) and thus the obvious conclusion is that both 
approaches provide useful information but caution should be taken in their 
interpretation. The differences between the molecular and macrofossil records highlight 
the additional palaeoenvironmental information that may be accrued through this type 
of multi-proxy analysis. 
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Figure 3.5 Logarithmic plot of the ratio of n-C23 to n-C31 alkane abundances down 
profile (left) compared with the varying proportion of Sphagnum macrofossils in an 
immediately adjacent profile (right). 
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Figure 3.6 Plot showing the variation of the C23/C31 ratio compared to temperature and 
precipitation. 
Interestingly, when the variation in the carbon preference indices and average chain 
lengths of the homologous series of n-alkanes were examined down the region of the 
profile spanning the cold period (Fig. 3.2) similar trends were observed (Fig. 3.7). The 
variation in the CPI down core showed a general decreasing trend from 40 cm to c. 28 
cm before rising and falling around a maximum at 18 cm and a final general increase up 
to the surface. This could be explained by a lower rate of diagenesis during the cooler 
period, since it has been proposed that lower temperatures can be an important factor in 
explaining the slower degradation of chemical constituents of peat in northern climates 
(Kuder & Kruge, 1998). The changing ACL is a reflection of the greater contribution of 
shorter-chain length n-alkanes during the cold period. As explained above since these 
alkanes originate from Sphagnum, this parameter should reflect the relative abundances 
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of Sphagnum and higher plants as the peat-forming plant community responds to the 
changing climate. Indeed, upon close inspection the ACL closely resembles the C23/C31 
ratio and correlates well with the Sphagnum macrofossil record (Fig. 3.5). Thus, these 
parameters provide additional sources of information for environmental change 
evidenced through biomarker analysis. 
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Figure 3.7 Variations in CPI (left) and ACL (right) of n-alkanes down the profile. 
The short-chain length n-alkanes (C14-C19) present are most likely derived from 
microorganisms (Albro, 1976), however, they constitute a very small proportion (>1%) 
of the total n-alkanes present. Also identified in this fraction were very small amounts 
of n-alkenes in the range C19: 1 to C29: 1. These have been reported to occur in 
oligotrophic peat bogs previously by Dehmer (1995) who proposed a source in vascular 
plants, microalgae and cyanobacteria. Lipid analyses of modem plant samples in this 
thesis revealed very low abundances of such compounds in all plants studied (not 
reported in Chapter 2 owing to their very low abundance), and so a vascular plant 
source is proposed for these compounds. 
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Cyclic hydrocarbons detected were all based on a pentacyclic triterpenoid skeleton. 
Non-hopanoid compounds identified in the peat included taraxer-14-ene and taraxast- 
20-ene, which were relatively abundant, and lesser amounts of olean-l2-ene and urs-12- 
ene. These compounds most likely derive from precursor compounds, such as taraxerol, 
ß-amyrin and a-amyrin, found in peat-forming plants (as reported in Chapter 2). 
Hopanoid components were detected in increasing abundance down core and identified 
as 17a(H), 21 ß(H)-bishomohopane and 17ß(H), 21 ß(H)-bishomohopane, of which the 
aß component was clearly dominant. Extended hopanoids of the ßß series are generally 
regarded as being bacterially derived (e. g. Ourisson et al., 1979; Rohmer et al., 1980), 
however the origin of the aß series is less clear. They are generally assumed to be 
diagenetic sedimentary products of the ßß series but an explanation for their occurrence 
without the intervention of thermal maturation is unclear (Killops & Killops, 1993). The 
dominance of aß homohopanes in peats has been previously reported by Quirk et al. 
(1984) who, as in this study, detected their presence at the very earliest stages of peat 
formation. Dehmer (1995) found the a, ß-hopane mainly in acidic peat deposits, 
analogous to Bolton Fell Moss, suggesting that this environment is perhaps a factor in 
its diagenetic formation. This formation was suggested to be due to the oxidative and 
subsequent decarboxylation reactions of bacteriohopantetrol, with isomeric catalysation 
at position 17 facilitated by the acidic environment of these types of bogs. 
3.4.2.2 Ketone/Ester Fraction 
Analysis of the DCM fraction of the peat extracts revealed the presence of methyl 
ketones in the range C25 to C35, maximising either around n-nonadeca-2-one (C29) or n- 
hentriaconta-2-one (C31) and exhibiting a strong odd-over-even predominance. Methyl 
ketones have been detected in peat extracts in previous studies (Morrison & Bick, 1966; 
Lehtonen & Ketola, 1990) in which they were found to occur over the range C17-C35. 
The suggested origins were epicuticular waxes of peat-forming plants and microbial 
oxidation of other lipid components. Since methyl ketones were found to be only very 
minor constituents of the plant lipid extracts, and those found maximised at C25 or C27, 
it is inferred that plant waxes are only a minor source. It is more likely that they provide 
evidence of microbial transformation (oxidation) of n-alkanes or n-alkanoic acids 
(Ambles et al., 1993). The dominance of the C29 and C31 homologues suggests that 
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oxidation of n-alkanes is the major pathway since these are present in relatively large 
abundances in the peat. If ß-oxidation of n-alkanoic acids was occurring then 
components of chain length C23 and C25 would be expected due to the predominance of 
C24 and C26 acids. Therefore, n-alkanoic acids are again considered to be only a minor 
source. However, oxidation of n-alkanes should also result in methyl ketones of lower 
chain lengths as the corresponding n-alkanes are very abundant at some depths of the 
core. The absence of the lower chain length ketones can be explained by them being 
more easily biodegraded (Moucawi et al., 1981). 
Wax esters present in the peat were detected in the range C38 to C52 displaying a distinct 
even-over-odd predominance. Their distributions varied quite widely but as a general 
rule the shorter chain length components (C40-C42) dominated below 15 cm, whilst the 
longer chain length components (C48-C50) were prevalent above this depth. The wide 
variation in the wax ester distributions is perhaps expected since the acidic environment 
of the peat bog would encourage rapid in situ hydrolysis and transesterification. Ficken 
et al. (1998) found in situ hydrolysis to be so prevalent that wax esters were almost 
completely absent from the extracts of the blanket peat studied in their investigation. In 
this case, the distributional shift observed is most likely the result of in situ 
transesterification (cf. Jambu et al., 1995). 
3.4.2.3 Alcohol Fraction 
Inspection of the n-alkanol components of the various depth horizons reveals 
distributions ranging from C20 to C34 displaying an obvious even-over-odd 
predominance (Fig. 3.8). Most samples describe a bimodal distribution pattern with one 
of the maxima being n-docosanol (C22) and the other being the C28, C30 or C32 
homologue. However, these distributions are not what would be expected from 
consideration of the macrofossil data (Fig. 3.1) and lipid compositions of peat-forming 
plants (see chapter 2). Figure 3.1 shows that Sphagnum predominates over much of the 
profile and, from results presented in Chapter 2, monomodal n-alkanol distributions 
maximising at C26, followed by C24 would be expected. More specifically, S. 
magellanicum, which contains a high abundance of n-hexacosanol (C26), predominates 
over much of this depth range. On this basis it is clear that the n-alkanol distributions do 
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Figure 3.8 Distributions of the n-alkanols homologues detected in the peat horizons. 
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not correlate with macrofossil data. Some of the peat-forming plants analysed in 
Chapter 2 do contain the n-alkanols seen in the peat as the predominant homologues 
[Andromeda polifolia (n-C22); Trichophorum cespitosum (n-C30)] but due to the well 
preserved nature of the macrofossil record at these shallow depths, it is unlikely that 
these plants were major contributors to the peat. The differences between the two 
records is best explained by the in situ hydrolysis of plant-derived wax esters and that of 
previously transesterified wax esters, releasing n-alkanols into the free lipids of the peat. 
Therefore, n-alkanol distributions are of little value in providing information on past 
environments due to the complex cycling they undergo as a result of the acid 
environment. 
Also present in the alcohol fraction were 5-n-alkylresorcinols, previously determined to 
be unique to sedges (in this data set - Chapter 2). These compounds were present at all 
sample depths with alkyl side chain lengths of C19, C21, C23 and C25, however their 
distributions varied (Fig. 3.9). Generally, changes in distributional maxima were as 
follows: 5-n-heneicosylresorcinol (C21) dominant between 0-1 cm and 7-8 cm; 5-n- 
nonadecyl resorcinol (Ci9) predominant from 10-11 cm down to 25-26 cm; 5-n- 
heneicosyl resorcinol prevalent from 27-28 cm to 36-37 cm (except horizon depth 30-31 
cm). Analysis of three sedge species in chapter two revealed a characteristic distribution 
for the most common sedge, Eriophorum vaginatum, in comparison to the other species 
examined (Fig. 2.25). E. vaginatum contained a distribution ranging from C19 to C25 
maximising at C21, a pattern similar to the those in the upper section of the profile, 
suggesting a direct contribution from this source. At the depth of 8-9 cm, however, a 
change in pattern was seen with an increase in the relative abundance of the C19 
component and the maximum becoming the C25 homologue, a distribution similar to 
that of Rhynchospora alba [Fig. 2.25(d)] if the C19 component is ignored. Thereafter, 
the prominence of 5-n-nonadecylresorcinol (C19) cannot be explained by a direct input 
from a sedge plant; or at least from those examined, which are common to this peat bog 
(Maddy, pers. comm. ). One possible explanation for the apparent anomalously high 
relative abundance of the C19 component is that an unknown species of sedge, 
producing such a mixture of resorcinols, dominated over this period. An alternative 
explanation may be found when considering these distributional changes with respect to 
the cooler period; the C19 component dominates during the cooler period. Whether the 
slightly cooler environment would result in changes in the 
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Figure 3.9 Distributions of the 5-n-alkylresorcinol homologues detected in the peat 
horizons. 
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distributions of lipids biosynthesised is unknown. Another explanation for the lack of 
correlation could be that an entirely different source organism has contributed 5-n- 
alkylresorcinols to the peat. 5-n-alkylresorcinols have been reported as being 
constituents of certain bacteria, in particular Azotobacter chroococcum and 
Pseudomonas species (Reusch & Sadoff, 1979; Kozubek et al., 1996). Reported as 
dominant components in the distributions of these compounds were the C19, C21 and C23 
homologues, significant components of the lipid extracts of the peat. Thus, there exists 
the possibility that the resorcinols seen in the peat have a dual source and that the 
enhanced amounts of the C19 homologue observed is a direct result of an unknown lipid 
contribution from an as yet undefined bacterial source. If the input of resorcinols is 
assumed to be primarily that of plants then their total concentration would be expected 
to mirror that of the macrofossil record, since a greater abundance of sedges should lead 
to a higher abundance of resorcinols; Figure 3.10 shows that such a correlation indeed 
exists and, hence, a primary input from higher plants can be inferred. However, a 
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Figure 3.10 A comparison between the total concentration of 5-n-alkylresorcinols and 
the abundance of sedge macrofossils. 
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Also detected in this fraction were sterols, stanols and steroidal ketones, which included 
sitosterol (24-ethylcholest-5-en-3ß-ol), ß-stigmastanol (24-ethyl-5a-cholestan-3ß-ol), 
stigmasterol (24-ethylcholest-5,22-dien-3ß-ol), stigmastanol (24-ethyl-5(x-cholest-22- 
en-3ß-ol), campesterol (24-methylcholest-5-en-3ß-ol), campestanol (24-methyl-5a- 
cholestan-3ß-ol), 24-methyl-5a-cholest-3-one and 24-ethyl-5 a-cholest-3 -one. The 
sterols identified originate from higher plants (e. g. Goad, 1985,1991) and more 
specifically from the plants growing on this bog (see Chapter 2). The presence of 
steroidal ketones and stanols suggests the microbial reduction of the corresponding 
sterols, with the ketones being intermediates in the diagenetic degradation of sterols to 
stanols (e. g. Evershed & Connolly, 1994). This is confirmed by a decreasing 
sterol/stanol ratio with depth. For a detailed discussion of the diagenetic fate of sterols 
in peat the reader is referred to Avsejs (2000). Of greater interest to this study is a 
consideration of the abundance of sterols and stanols in relation to that of the 5-n- 
alkylresorcinols; Figure 3.11 shows the variation of this ratio with depth. 
Figure 3.11 Variation in the relative abundances of 5-n-alkylresorcinols, and sterols 
and stanols expressed as a ratio of their summed abundances. 
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The ratio decreases with depth down to about 16 cm before increasing again. This can 
be attributed to the lack of resorcinols in plants other than sedges whilst sterols are 
present in both sedges and Sphagnum. Therefore horizons of the peat core in which 
sedge is prominent would be expected to exhibit a higher ratio than those in which 
sedge was a minor constituent. There is also a striking correlation with the average 
temperatures over the period in which this peat accumulated (Fig. 3.12), presumably 
reflecting vegetation changes forced by climatic variations along with possible lipid 
composition changes within species. However, correlation with precipitation, one of the 
other main climatic variables is relatively poor. This points to the main factor behind the 
changing relative abundances of resorcinols and steroidal components (and hence plant 
communities) being temperature driven, either directly or indirectly, which is in 
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Figure 3.12 Plot showing the variation in the 5-n-alkylresorcinol/sterol+stanol ratio 
correlating with temperature and precipitation. 
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Triterpenoid compounds detected were a-amyrin, 17a(H)21 ß(H)-bishomohopan-32-o1 
and 17ß(H)21 ß(H)-bishomohopan-32-o1. a-Amyrin originates from a plant source as 
demonstrated in Chapter 2, whilst C32 hopanols are generally ascribed to aerobic 
bacteria (e. g. Ourisson et al., 1979). Again, these hopanoids have been found in 
Sphagnum peats at the very earliest stages of degradation (Quirk et al., 1984) and their 
changing abundances and relationship with diagenetic processes occurring are discussed 
in more detail by Avsejs (2000). 
3.4.2.4 Acid Fraction 
GC analyses of the more polar acid fractions of the peat extracts revealed n-alkanoic 
acid distributions that varied very little (Fig. 3.13). These distributions ranged from C16 
to C34, maximising at n-tetracosanoic acid (C24) or n-hexacosanoic acid (C26), and 
displayed a strong even-over-odd predominance (Table 3.3). In the samples of the more 
recently accumulated peat (c. 0-11 cm) the peripheral homologues described a bimodal 
distribution, the second maximum being n-hexadecanoic acid, which rapidly decreases 
in abundance with depth. Another characteristic feature of these horizons (excluding the 
very top horizon) is an increased relative abundance of longer chain length n-alkanoic 
acids (>C30). However, below 11 cm variation was limited to slight differences in the 
relative abundances of the C24 and C26 maxima. This is not totally unexpected given the 
macrofossil record, since Sphagnum quite clearly predominates in this section of the 
peat and lipid analyses undertaken in Chapter 2 showed n-tetracosanoic and n- 
hexacosanoic acid to be the predominant members in this compound class, along with 
n- hexadecanoic acid, in these plants. However, incursions of sedge dominance (at 4-8 
cm and 30-37 cm) would be expected to make some difference, especially if the 
dominant species was Eriophorum vaginatum, since this was shown to contain 
relatively high amounts of the C20 and C28 homologues. However, this seems to have 
little affected the distributions. Once again a reason for this could be the in situ 
hydrolysis of wax esters in the acidic environment of the peat bog, releasing free n- 
alkanoic acids that then become part of the solvent extractable fraction. Two parameters 
reflecting distributional variation that do change down core are the CPI and ACL (Figs. 
3.13 & 3.14). 
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Figure 3.13 Distributions of the n-alkanoic acid homologues detected in the peat 
horizons. 
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Figure 3.14 Variation in the CPI and ACL of n-alkanoic acid distributions with depth. 
The CPI values of the n-alkanoic acids exhibit a similar variation to that seen in the n- 
alkane distributions (cf. Fig. 3.7) and a similar explanation is plausible. The initial fall 
in value is accentuated by the rapid diagenesis of n-hexadecanoic acid (and to a lesser 
degree n-octadecanoic acid) but the subsequent increased values over the depth 10-27 
cm could be associated with the cooler period and possibly reduced rate of degradation 
as proposed by Kuder & Kruge (1998). With regards to the average chain length the 
initial increase in value again relates to the rapid degradation of the C16 (and C18) acid. 
However, below this a trend of decreasing values with depth appears to correlate with 
the decreasing temperature associated with the cooler period illustrated in Figure 3.2, 
with the preceding increasing values with depth proposed to reflect increasing 
temperatures progressively back in time. 
Other compounds identified in this fraction included a, w-alkanedioic acids and w- 
hydroxy alkanoic acids. The diacids ranged in carbon chain length from C20 to C28 
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maximising around the C22 member, displaying a distinct even-over-odd predominance. 
This distribution remained unchanged through the profile with the exception of the 
samples from the horizons at 16-18 cm, in which the C22, C24 and C26 homologues were 
present in similar relative abundances. The hydroxy acids were also detected in the 
range C20 to C28, displaying a strong even-over-odd predominance, although the 
maximum in this case varied between the C22 and C26 homologues. In general, the 
longer chain components increased in relative abundance with increasing depth. 
Lehtonen & Ketola (1993) observed similar trends in increasing chain length of w- 
hydroxy acids and attributed it to increasing humification. Karunen & Ekman (1982) 
have shown that these acids accumulate as major monomers of polymerised lipids in 
Sphagnum fuscum shoots, during moss ageing and these were thought to be responsible 
for the decay resistance of Sphagnum mosses. Thus, while it is clear that these solvent 
extractable free w-hydroxy acids are released in the bog environment from the decaying 
plant matter, the origin of the a, w-alkanedioic acids is less clear; they most probably 
derive from lipid polymer constituents of higher plants and mosses (Eglinton & 
Hamilton, 1967; Lehtonen & Ketola, 1993). However, diacids can also be produced via 
microbial oxidation of long chain w-hydroxy acids and, in this case, judging by the 
apparent similarities of the distributions of these two compound types, this is a likely 
origin. 
Also present amongst the alkyl acids were the pentacyclic triterpenoid acids ursolic acid 
and oleanolic acid. These acids are almost certainly directly derived from a plant input, 
having been seen in abundance in several of the major peat-forming plants analysed in 
Chapter 2. 
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3.4.3 Stable Carbon Isotope Analysis 
3.4.3.1 Bulk Analysis 
Sub-samples of the freeze-dried peat were set aside prior to extraction and subsequently 
analysed for their stable carbon isotope composition. These values are given in Table 
3.1 and their variation with depth is depicted in Figure 3.15. Values given are the result 
of triplicate analyses, replicates falling within the experimental error of the machine 
(±0.5 %o). The stable carbon isotope composition of the peat would be expected to 
reflect that of the primary plant input, as reflected by the macrofossil content, especially 
in areas where the percentage of identifiable plant macrofossils is high. Inputs from 
plants other than Sphagnum would be expected to shift the S13C values of the bulk peat, 
depending on the isotopic composition of this additional source. Over this section of the 
core Sphagnum is the dominant input (Fig. 3.1) in particular S. magellanicum with 
lesser amounts of S. capillifolium (continuously) and S. cuspidatum (mostly at 38-40 
cm). Modem samples of S. magellanicum and S. capillifolium have 513C values of - 
27.9%o and -27.5%o respectively, whilst S. cuspidatum has a more enriched value of - 
25.0%o (see Chapter 2). Other plant inputs into this profile include brief incursions of 
Figure 3.15 Variation in 813C values of bulk peat from Bolton Fell Moss. 
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monocotyledon species at approximately 4-8 cm and 31-37 cm. This input is most likely 
to be Eriophorum vaginatum (Maddy, pers. comm. ), which has a modern 813C value of 
-25.0%o and, hence, is less depleted than the major Sphagnum inputs. Therefore, for the 
majority of this profile little variation would be expected if plant input was the sole 
consideration, perhaps only a shift to less depleted values at the points of sedge 
incursion and at the lower extremity of the profile due to an increased S. cuspidatum 
population. Indeed there do appear to be oscillations to less depleted values in the 813C 
curve at the depths of sedge incursion (4-8 and 31-37 cm), suggesting that plant inputs 
do affect the isotopic composition of the peat. The additional variations seen in the 
isotopic composition down core are thus expected to be driven by other environmental 
factors, specifically climate (i. e. temperature and/or precipitation). It can be seen that 
the overall trend tends towards a steady increase in 813C values with depth, for which 
the most likely explanation is the well documented change in 13C concentration in the 
atmosphere due to anthropogenic activities. Since the industrial revolution the burning 
of fossil fuels has caused the depletion of 13C in the atmosphere by approximately 1.3%o 
over the past c. 140 years, from -6.5 %o (pre-industrial revolution) to present day levels 
of -7.8%o (Friedli et al., 1986). Therefore, an isotopic shift is expected between the 
plants growing before the mid 1800's and those now. However, superimposed upon 
these trends is a `hump' that appears to correspond to the lower average temperatures 
depicted in Figure 3.2. Over this period cooler temperatures correlate with less depleted 
813C values, agreeing with observations made for tree ring cellulose (Farmer, 1979) and 
laboratory studies (Troughton & Gard, 1975). The correlation with climatic factors can 
be seen more clearly if the 813C values are corrected for the depletion caused by the 
burning of fossil fuels (Fig. 3.16), achieved by subtraction of the industrial signal 
plotted from the values reported by Friedli et al. (1986). Explanations for the variations 
in isotopic composition will be given after consideration of the compound-specific 813C 
values. 
129 


















































1770 1820 1870 1920 1970 
Calender years 
Figure 3.16 Plot showing the variation in 813C values of bulk peat, corrected for the 
depletion caused by the burning of fossil fuels (Friedli et al., 1986), correlating with 
temperature and precipitation. 
130 
Chapter 3 Sub-Recent Peat 
3.4.3.2 Compound-Specific Analysis 
The S13C values of individual n-alkane homologues for all peat samples are summarised 
in Table 3.1. Since Sphagnum dominates this profile the majority of the carbon input 
would be expected to derive from this source and the trend of these values is as 
expected; generally the shorter chain homologues are more depleted as was seen in the 
Sphagnum species analyses in Chapter 2. This in part addresses the problem in most 
sedimentary settings that the S13C value of each individual compound reflects a mixture 
of contributions from a range of organisms synthesising that compound. Thus, the S13C 
values for individual homologues extracted from the sediment may differ considerably, 
depending on the size of the population of the contributing species and the proportion of 
their waxes actually surviving in the sediment. Moreover, in order to derive any 
palaeoenvironmental information, deconvolution of the distribution patterns and their 
individual S13C values will be required; this is generally rather difficult owing to the 
large number of variables involved. Hence, in peat by being able to link compounds in 
the sediment to a specific plant source this difficulty can be overcome. Furthermore, by 
selecting the n-C23 component the effect of differing responses by plant types to 
environmental conditions (e. g. atmospheric C02, temperature, humidity etc. ) on S13C 
values is minimised because this compound is known to originate almost exclusively 
from Sphagnum. 
Figure 3.17 depicts the variation in 8'3C values of n-tricosane with depth. The range of 
513C values (-35.6 %o to -31.7 %o) is well outside the experimental precision of the 
analytical technique (±0.5 96o), thus indicating a response to external factors. Again the 
general trend is toward less depleted values with depth, which is a result of increased 
burning of fossil fuels with the onset of the industrial revolution (Friedli et al., 1986). 
However, imprinted on this curve are several oscillations of significant magnitude that 
likely reflect environmental factors. These oscillations correlate with several small 
temperature oscillations (Fig. 3.2) and as with bulk 8'3C values, less depleted values 
correlate with lower temperatures agreeing with observations for tree ring cellulose 
(Farmer, 1979) and results obtained from growth chamber experiments and studies of 
whole plants and/or leaves (Troughton & Gard, 1975). 
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Figure 3.17 Plot of changing stable carbon isotopic composition of n-tricosane (C23) 
with depth. 
The variation in 813C values as a result of climatic factors can be seen more clearly 
when the isotopic signal, corrected for elevated CO2 concentrations resulting from the 
onset of the industrial revolution, is co-plotted with temperature and precipitation 
records (Fig. 3.18). The strong correlation between 813C values of n-tricosane and the 
temperature record is clearly evident, whilst it is seen that the corresponding correlation 
with precipitation records is relatively poor. There is also good agreement between the 
isotopic signatures of bulk peat (Figs. 3.15,3.16) and the n-C23 biomarker (Figs. 3.17, 
3.18). The advantage of analysing the Sphagnum-specific n-C23 alkane is that it 
minimises the possibility that the observed variations arise through differences in water 
and CO2 uptake and utilisation by physiologically disparate plant taxa. Moreover, 
mosses do not possess stomata and are therefore unable to regulate their uptake of CO2 
and water, unlike other plants. The 813C values of mosses thus depend on both 
atmospheric CO2 concentration and available water (White et al., 1994). Assuming that 
water availability is not a limiting factor owing to the nature of peat deposits, this 
implies that atmospheric CO2 concentrations would be the dominant factor in 
determining carbon isotope compositions. In turn, since it has been shown that 
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Figure 3.18 Plot of the variation of compound-specific 813C values of n-tricosane 
(C23), corrected for depletion caused by the burning of fossil fuels (Friedli et al., 1986), 
correlating with temperature and precipitation. 
atmospheric CO2 concentrations are strongly correlated with temperature (Figge & 
White, 1995) from comparison of [CO2]a and temperature records over the last 150,000 
years in the Vostok ice core from Antarctica (Barnola et al., 1987; Raynaud et al., 
1993), it follows that temperature should be reflected by 813C values. Indeed, the 
correlation of these data with recorded climatic parameters (Fig. 3.18) indicates that the 
isotopic variation is undoubtedly influenced either directly or indirectly by temperature. 
Interestingly, these observations of a terrestrial response to cooler temperatures are in 
agreement with findings of a study of CO2 trapped in Antarctic ice cores (Francey et al., 
1999), which revealed less depleted 813C values in sections corresponding to the period 
of the Little Ice Age (i. e. cooler temperatures). It is acknowledged that there is great 
difficulty in separating the temperature and water signals, and that it is unlikely that the 
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813C signal is purely a . temperature signal. However, increased precipitation would 
result in a higher water table, especially when coincident with cooler temperatures and 
hence lower evaporation effects. This would lead to an increase in diffusive resistance 
to CO2 uptake because of increased surface water films as the Sphagnum species 
photosynthesise under a higher water content, producing less depleted S13C values (Rice 
& Giles, 1996; Price et al., 1997). The 813C values do not correlate with the recorded 
rainfall data in this way and, thus, the moisture signal is regarded as being a less 
dominant driving force than the temperature signal. It is argued that due to the close 
correlation of 513C values with recorded temperature data and agreement with trends 
seen in previous studies (Troughton & Gard, 1975; Farmer, 1979; Francey et al., 1999), 
the 813C record of biomarkers in temperate peat deposits can provide indications of 
temperature variations in the past. 
3.5 Conclusions 
The organic geochemical characteristics of peat have been considered to determine the 
extent to which recorded changes in plant communities and climate were reflected in the 
biomarker and isotopic composition of the accumulated peat. Typically lipid 
distributions showed only limited agreement with macrofossil assemblages. This has 
been observed before (Farrimond & Flanagan, 1996; Ficken et al., 1998) and has been 
attributed to both the representation of different signals (e. g. pollen represents an 
average signal of flora over a wide area while lipids reflect local deposition) and 
inaccurate macrofossil information due to different rates of decay of different plant 
species (e. g. lichen degrades very rapidly while Sphagnum is more resistant to decay). It 
appears from the results obtained that the complex biogeochemistry of the peat 
environment complicates the lipid distributions, particularly by transesterification and 
hydrolysis reactions. However, certain biomarker characteristics hold 
palaeoenvironmental or palaeoecological information, particularly in reflecting 
temperature and flora variations. In particular the following conclusions can be drawn: 
9 The total organic carbon content of peat deposited was lower during the period of 
cooler temperatures. This was attributed to lower photosynthetic rates resulting from 
a colder climate. 
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9 The variation in the abundance of the almost exclusively Sphagnum-derived n- 
tricosane (C23) with depth, expressed here as a ratio of C23/C31, reflected changes in 
the plant community. This parameter illustrated the change in relative abundance of 
Sphagnum and other higher plants, and/or variation in Sphagnum species in 
Sphagnum dominated areas of the core. These changes were also reflected by 
variations in the average chain length of the n-alkane distribution. These vegetation 
changes were in turn related to climate factors and occurred over the cooler period 
as shown by the recorded mean temperatures of the growing season for Sphagnum. 
" The concentration of 5-n-alkylresorcinols recorded the abundance of sedge 
macrofossils throughout the core. 
" The ratio of the concentrations of resorcinols to steroidal compounds correlated with 
cooler temperatures inducing changes in plant populations. 
" CPI values of n-alkanes and n-alkanoic acids showed an increase in magnitude 
during the period of reduced temperatures, possibly due to slower rates of diagenesis 
at these times. 
9 Bulk 813C analysis revealed variations superimposed upon the general trend of 
values affected by anthropogenic activities. These were assigned to changes in 
vegetation type, and hence source carbon, and more dramatically as a response to 
temperature. 813C values appear to give an indication of variations in temperature 
over the period of peat accumulation. 
" This was reflected in compound-specific 813C values of n-tricosane, which also 
correlated with temperature. This was thought to originate from variations in [CO2]a 
correlating with temperature. 
Thus the potential of molecular and isotopic measurements to reflect changes in 
environment over time has been demonstrated. The application of these methods to 
older, more highly decomposed (humified) material holds the potential to be of use as a 
new tool to reconstruct palaeoenvironments. 
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Chapter 4 Mid-Holocene Peat 
4.1 Objectives 
It was demonstrated in the previous chapter that lipid stratigraphic analysis of peat 
deposits provides a new tool in recent palaeoenvironmental reconstructions. The aim of 
this chapter is to extend the application of this technique to peat horizons of a much 
greater age. Based on an age-depth model derived from radiocarbon age estimates from 
an adjacent core (Barber et al, 1994), the peat under investigation would have 
accumulated between 6500 and 3500 yr BP. Records of climate over this time are 
inevitably of a proxy nature, relying upon morphologically well-preserved peatified 
plant macrofossils. Since a chemical signal, however, should also persist 
palaeoenvironmental information should be retrievable using the methods developed in 
the work described in Chapter 3. 
4.2 Introduction 
Ombrotrophic mires, which accumulate peat in a raised mass above the groundwater 
table of the surrounding countryside, are one of the oldest sources of proxy-climate data 
(e. g. Blytt, 1876) with their changing stratigraphy being used as the basis of the first 
climatic division of the Holocene. Long-established methods of deriving palaeoclimate 
information include macrofossil analysis and humification index determination (e. g. 
Aaby, 1976; Barber, 1981; Blackford & Chambers, 1993; Barber et al., 1994). More 
recently, stable isotope measurements have been used to infer palaeoenvironmental 
information: 613C values of peat macrofossils being used to reconstruct atmospheric 
CO2 concentrations (White et al., 1994; Figge & White, 1995); 5180 and 6D values of 
bulk peat have also been correlated with temperature changes (Schiegl, 1971). 
Surprisingly, given the organic-rich nature of these deposits, molecular studies of these 
environments have been relatively few. Investigations of organic matter in peat bogs 
have used pyrolysis GC and GC/MS (e. g. Bracewell et al., 1980; Halma et al., 1984; 
Boon et al., 1986; van der Heijden, 1994) and GC and GUMS analysis of solvent 
extractable lipids (e. g. Karunen et al., 1983; Quirk et al., 1984; Lehtonen & Ketola, 
1990,1991,1993; del Rio et al., 1992; Dehmer, 1993,1995; Avsejs et al., 1998, Avsejs, 
2000). Few of these studies have been performed with an emphasis on the retrieval of 
palaeoenvironmental information (e. g. Farrimond & Flanagan, 1996; Ficken et al., 
1998). These latter investigations have been reviewed in detail elsewhere in this thesis, 
138 
Chapter 4 Mid-Holocene Peat 
and the overall conclusion is that as yet no information has been obtained which could 
serve as a reliable basis for new climate proxies. 
In this thesis a molecular stratigraphic approach has been employed in an attempt to 
develop such proxies. Results presented in the previous chapter have demonstrated that 
potential exists for using lipid biomarkers preserved in ombrotrophic mires as proxies 
for climate change. Based on this idea, n-alkanes, 5-n-alkylresorcinols and sterols have 
been selected to extend this study to a period of time when climate records are of a 
solely proxy nature. The aim was to use these lipid biomarkers to provide information 
on flora history and temperature changes, as inferred in Chapter 3 for sub-recent peat, 
thereby further establishing their use in palaeoenvironmental reconstruction on extended 
timescales. A lipid biomarker-based proxy would be of particular value in peat deposits 
that are highly humified such that the abundance of identifiable macrofossils is 
extremely low (i. e. areas where there is a high proportion of unidentified organic 
matter). 
4.3 Sample Description 
For this investigation a section of a peat core, extracted from the centre of Bolton Fell 
Moss, was taken from between the depths 250 cm and 500 cm. This was analysed for 
lipid content at 8 cm intervals over the first 200 cm and at 2 cm intervals between 450 
cm and 500 cm. Sampling resolution was determined by the results of macrofossil 
analysis as carried out by Mauquoy, Maddy and Chambers (pers. comm. ) the results of 
which is shown in Figure 4.1. These results showed a general dominance of Sphagnum 
(in particular S. imbricatum) over the top ca. 430 cm interspersed with occasional peaks 
of monocotyledon plant species (e. g. -285 cm, 325-340 cm, -355 cm). However, at 
approximately 430 cm a significant change was observed from Sphagnum to sedge 
dominance, with a large proportion of unidentified organic matter being evident below 
450 cm. Therefore, over this lower section of the core sampling resolution was 
increased from 8 cm to 2 cm in an effort to derive detailed information on the 
environment of the time. This profile was identified as being well suited to test the 
methods developed during the work described in Chapter 3. 
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4.4 Results and Discussion 
Selected peat horizons were solvent extracted and TLEs obtained, which were further 
fractionated to isolate the hydrocarbon and alcohol fractions. These purified fractions 
were analysed by GC, and GC/MS where appropriate, to determine specific lipid 
distributions and calculate the lipid parameters identified in Chapter 3 as reflecting 
palaeoenvironmental changes. 
4.4.1 Lipid Analysis 
4.4.1.1 n-Alkanes 
The n-alkane distributions, as revealed by gas chromatographic analysis, exhibited very 
similar characteristics to those observed in lipid extracts of peat in the uppermost 40 cm 
of this profile. Namely, distributions ranged from a chain length as short as C14 in some 
instances to C35 and were generally bimodal with a distinct odd-over-even 
predominance (Table 4.1). Also characteristic was the variation in the carbon chain 
length and relative abundances of the maxima, observed to be either n-tricosane (C23) or 
n-hentriacontane (C31). Inferences drawn from previous results suggested that the 
variation in the ratio of these two compounds should reflect the change in relative 
abundance of Sphagnum and other higher plants, and/or variation in Sphagnum species 
in Sphagnum dominated sections of the peat profile. The variation in the ratio of the 
measured abundances of these compounds for this section of the peat core is shown in 
Figure 4.2 in comparison to the varying abundance of Sphagnum macrofossils. From 
250 cm to c. 440 cm it can be observed that the variation in this parameter does 
correlate with the varying abundance of Sphagnum down profile with minima in 
macrofossil abundance being mirrored by troughs in the C23/C31 ratio. However, below 
this depth there is an increase in the ratio that is not reflected in the macrofossil record. 
On inspection of the other macrofossils identified over this section (Fig. 4.1) there 
appear to be three potential sources of organic matter: namely sedges (monocotyledon 
species), fungal sclerotia and unidentified organic matter. The sedges are a significant 
input between 440 cm and 490 cm and one would therefore expect a very low 
contribution of the shorter chain length homologues from this source, as indicated by 
lipid analysis of modem plant material (Chapter 2) that revealed characteristic 
monomodal n-alkane distributions strongly maximising at n-C31. Abundances of fungal 
sclerotia are elevated at these depths compared with the shallower depths of this section, 
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and should also be considered as a source organism. Previous studies on the 
hydrocarbons of fungal spores reported n-alkane distributions similar to those of higher 
plants (Weete, 1972), typically maximising at heptacosane, nonacosane and 
hentriacontane, whilst a total absence of n-alkanes has been reported in fungal sclerotia 
(Weete, 1976). Therefore, fungal remains appear to be an unlikely source of the 
increased levels of n-tricosane. However, it has been suggested that the alkanes found in 
fungi actually derive from the host tissues (Weete, 1976), thus, the possibility exists that 
the C23 component does indeed originate from Sphagnum but fungal action has resulted 
in a loss of recognisable Sphagnum macrofossils. This conclusion is consistent with the 
relatively high amounts of morphologically unidentified organic matter present in this 
section of the core. 
Figure 4.2 also depicts the variation in the average chain length and carbon preference 
index of the n-alkane distributions. The ACL was identified in Chapter 3 as also 
reflecting variations in the relative abundance of Sphagnum and other plants in much 
the same way as the n-C23/n-C31 ratio. Indeed, upon inspection of the changing ACL 
down profile over this deeper section of the core a close correlation is observed with the 
alkane ratio. Obviously, the explanation for this variation in ACL will be analogous to 
that for the C23/C31 ratio. The CPI was identified in the previous chapter as correlating 
with temperature with increased values reflecting decreased temperatures, explained-by 
a lower rate of diagenesis. Over the depths 250 cm to 500 cm several increases in CPI 
value are observed. The upper segment of this section (-250-440 cm) is characterised 
by a relatively constant CPI with two cooler intervals corresponding to depths of c. 270 
and c. 375 cm. Below -440 cm a distinct cooler period is signalled by a relatively large 
increase in CPI, which subsequently fluctuates around these higher values down to a 
depth of -490 cm. This trend could provide an explanation for the increased C23/C31 
ratio and ACL at these lower depths: the cooler temperatures could have affected the 
lipid biosynthesis of the Sphagnum plants resulting in increased production of the C23 
homologue. Therefore, a combination of this and those other factors mentioned above, 
could be responsible for externally forcing the lipid characteristics of the plants present 
and, thus, the peat subsequently accumulated, although again this remains to be 
substantiated. 
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Further clues to unravelling the palaeoenvironment of the lower section of this profile 
may come from closer consideration of the hydrocarbon input. Based on the macrofossil 
analysis the predominant Sphagnum species contributing to this part of the profile is S. 
imbricatum (Fig. 4.1). Previous analysis of the lipid composition of a modem specimen 
of this species revealed an n-alkane distribution dominated by the lower chain length 
homologues (see Fig. 2.4). The maximum in this distribution was n-tricosane (n-C23) 
with n-heneicosane (C21) and n-pentacosane (C25) present as significant peripheral 
components. Therefore, by this reckoning the abundances of these peripheral 
homologues would be expected to mirror those of the C23 component. A comparison of 
the variation in abundance of these compounds, expressed relative to the n-C31 
homologue, is depicted in Figure 4.3. It is clear that very close similarities exist between 
the variations in abundance of the three homologues throughout the profile. A slight 
difference in magnitude of the ratios exists, with the C23/C31 ratio appearing to be 
shifted to higher values compared to those of the other homologues. Nevertheless, the 
trends in the variations of the three ratios appear to follow each other, suggesting a 
greater Sphagnum input than interpreted from the identifiable macrofossil record; this 
again raises the question of the macrofossil record being skewed by decay. 
Hence, viewed together the macrofossil and lipid hydrocarbon records can provide 
complementary information on the environmental conditions prevailing at the time of 
deposition. For example, a wetter/cooler climate may have predominated for the years 
when peat formed from 250 cm to 440 cm, as interpreted from a high Sphagnum 
abundance, C23/C31 ratio and CPI values. Interspersed with this were drier periods 
interpreted from the macrofossils and lipid ratio, including a cooler/drier period at -270 
cm as interpreted from CPI variation. At -440 cm a prolonged dryer period is perhaps 
indicated by the macrofossil record, accompanied by a significantly cooler temperature 
(inferred from CPI values). However, the macrofossil record may be misleading at this 
lower depth interval since the lipid record appears to indicate a higher Sphagnum input 
than that recorded on the basis of identifiable macrofossil remains. 
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4.4.1.2 5-n-Alkylresorcinols 
The sedge-specific 5-n-alkylresorcinols with substituent side chains of length C19, C21, 
C23 and C25 were found to be present in all sample depths. As previously seen in the 
uppermost 40 cm of the peat profile investigated in Chapter 3, the 5-n-alkylresorcinols 
were exclusively of an odd carbon number chain length although their distributions 
varied somewhat with the maxima changing down core. Distributional data is presented 
in Table 4.2. Of main interest was the fact that previous results had indicated that the 
total concentration of 5-n-alkylresorcinols varied down core and correlated with the 
changing abundance of sedge, as indicated by identifiable macrofossils. A comparison 
between the variation of total 5-n-alkylresorcinol concentration and sedge macrofossils 











Figure 4.4 A comparison between the total concentration of 5-n-alkylresorcinols and 
the abundance of sedge macrofossils. 
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Table 4.2 Characteristics of the 5-n-alkylresorcinol components of various horizons of 
mid-Holocene peat. 
Depth (cm) Conc. (µg g") C19 C21 C23 C25 
250-251 124.7 14.0 18.2 42.8 25.0 
258-259 96.5 16.3 15.0 36.3 32.3 
266-267 105.0 12.8 20.8 45.1 21.4 
274-275 413.7 3.2 10.5 53.2 33.1 
282-283 461.9 2.3 11.9 52.7 33.1 
290-291 329.2 7.8 17.5 45.0 29.7 
298-299 376.8 10.4 16.7 45.6 27.2 
306-307 658.3 7.3 18.8 49.5 24.4 
314-315 449.0 8.5 20.6 48.3 22.7 
322-323 1141.0 5.8 16.5 49.1 28.6 
330-331 1439.8 11.2 16.8 44.0 27.9 
338-339 3449.7 4.3 12.6 46.3 36.8 
346-347 765.3 19.5 20.8 34.5 25.1 
354-355 1125.8 5.1 14.7 47.2 33.0 
362-363 956.2 9.2 25.8 40.9 24.2 
370-378 489.3 15.0 33.3 35.1 16.6 
378-379 422.7 18.6 26.0 37.8 17.7 
386-387 300.8 28.0 29.4 29.0 13.5 
394-395 132.2 33.0 29.8 27.8 9.4 
402-403 183.5 46.4 40.6 8.6 4.4 
410-411 322.7 23.5 21.7 33.5 21.3 
418-419 162.6 33.2 25.8 29.5 11.5 
426-427 325.9 26.1 23.6 32.8 17.5 
434-435 857.2 27.5 27.8 29.3 15.4 
442-443 587.2 25.4 30.1 25.7 18.9 
450-451 301.2 12.8 18.7 45.0 23.4 
452-453 572.5 15.1 14.4 39.0 31.5 
454-455 386.3 14.3 14.2 39.2 32.3 
456-457 864.4 24.1 16.6 35.6 23.7 
458-459 294.7 20.5 18.0 37.1 24.5 
460-461 402.5 21.3 18.3 40.5 19.9 
462-463 412.8 24.1 21.8 34.2 19.9 
464-465 1771.6 25.9 24.6 27.7 21.8 
466-467 211.1 34.3 30.0 21.2 14.5 
468-469 205.1 31.6 26.2 21.8 20.3 
472-473 899.2 28.6 27.8 22.2 21.4 
474-475 162.6 30.1 27.5 17.8 24.6 
476-477 146.4 34.4 30.2 21.4 14.1 
478-479 206.3 31.7 27.5 25.3 15.4 
480-481 386.6 33.1 24.7 27.9 14.3 
482-483 176.5 25.5 20.5 37.1 16.9 
484-485 353.7 27.5 24.8 30.0 17.7 
486-487 211.8 27.2 26.0 29.7 17.1 
488-489 320.9 26.3 24.1 31.6 18.1 
490-491 235.5 22.0 26.9 35.6 15.4 
492-493 279.4 24.8 26.4 30.7 18.0 
494-495 316.6 21.6 26.5 32.7 19.2 
496-497 985.0 15.6 24.6 38.2 21.6 
498-499 426.3 17.4 21.9 38.6 22.2 
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It can be seen that while similarities do exist, there are significant anomalies. 
Nevertheless, a maximum in the identifiable macrofossil record indicating an increased 
abundance of sedge input is marked by an apparent increase in the concentration of 5-n- 
alkylresorcinols. The major maximum in the concentration of resorcinols, observed at a 
depth of approximately 338 cm is coincident with a peak in the macrofossil curve 
occurring at a similar depth. A reason for the enhanced abundance of resorcinols would 
be a switch between sedge species, at this depth, containing differing concentrations of 
resorcinols. However, this is unlikely for two reasons: firstly, the results presented in 
Chapter 2 showed that different species of sedge contained similar concentrations of 
resorcinols and it is unlikely that vast differences between species occurred in the past. 
Secondly, it would be expected that different distributional characteristics would be 
observed over this short period if this had been the case; no such differences were 
observed (Table 4.2). In view of these observations it is significant that whilst the total 
concentrations of resorcinols present in the modem reference plants is of the order 150 
µg g'1, this maximum in the abundance of resorcinols down core approaches a 
concentration of 3500 µg g''. Whilst some difference would be expected as a result of 
environmental changes it is very unlikely that they would induce an increase of such 
magnitude. As mentioned in Chapter 3 additional producers of 5-n-alkylresorcinols are 
certain bacteria and whilst the previously reported distributions did not maximise at the 
chain lengths observed herein, the possibility remains of an as yet uninvestigated 
species of bacteria being the contributors of these compounds. Indeed, the 
concentrations of resorcinols reported in bacteria (2000-8000 µg g''; Kozubek et al., 
1996) are substantially higher than those recorded for the plants studied herein and, 
coincidentally, of the same order as that seen in the peat. Therefore, an increased 
microbial contribution appears to be the most likely explanation for the very high 
abundances of resorcinols observed. However, the environmental factors causing such 
enhanced microbial activity are currently unknown. 
Another explanation for the differences between the concentration of resorcinols and the 
abundance of sedge macrofossils could be selective preservation. In comparison, the n- 
alkanes are present in a total concentration of c. 80 µg g"' in the plants but as high as 
490 jig g'1 in the peat. Therefore these observations are perhaps demonstrating the 
enhanced preservation of lipids relative to cellulose. 
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Figure 4.5 Variation in the relative concentrations of 5-n-alkylresorcinols/(sterols + 
stanols). 
Figure 4.5 depicts the concentrations of 5-n-alkylresorcinols relative to that of the total 
concentration of sterols and stanols. This relationship was identified in the previous 
chapter as reflecting vegetation changes forced by climatic variations. However, as 
would be expected from the above discussion very little correlation exists with either 
the macrofossil record or alkane CPI. 
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4.4.2 Stable Carbon Isotope Analysis 
4.4.2.1 Bulk Analysis 
Measurement of 813C values of bulk peat in the previous chapter was suggested to 
provide an indication of variations in temperature at the time of accumulation. With this 
in mind 813C values were determined for the various sections of the peat profile under 
investigation in this chapter. These values are given in Table 4.3 and their variation with 
depth is depicted graphically in Figure 4.6. Values given are the result of triplicate 
VC (%, ) 







Figure 4.6 Variation in 813C values of bulk Bolton Fell Moss peat, depths 250-500 cm. 
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analyses, replicates falling within the experimental precision of the analytical technique 
(±0.5%o). It is clear that significant variations in the stable carbon isotope composition 
occurred over these depths, with 813C values having a range of ca. 3.0%o. 
It is also interesting to note that the mean stays fairly constant. Previously it was 
observed that, as well as giving an indication of variations in temperature, the bulk 813C 
values were influenced by the primary plant input. As the sedges analysed in chapter 
two were observed to be more enriched in 13C than the Sphagnum (e. g. Eriophorum 
vaginatum -259,66o; Sphagnum imbricatum -27.1 , oo) it would be expected that over the 
lower part of this profile values would be shifted to more positive values, reflecting the 
changing inputs as inferred from the macrofossil record (i. e. increased sedge input and 
little Sphagnum). However, Figure 4.6 shows a slight trend toward more negative values 
at the depths between 440 and 500 cm. This indicates a greater Sphagnum input than is 
obvious from the available macrofossil data, adding further weight to the argument that 
the macrofossil record is perhaps skewed as a result of differential decay characteristics. 
However, as noted in the previous chapter temperature-derived effects on stable carbon 
isotope compositions appeared to be still detectable superimposed upon this trend. 
Figure 4.6 shows several large oscillations that must be the result of environmental 
change related to climate. If taken to be temperature-driven, as argued in the previous 
chapter, less negative values represent colder periods. However, without contemporary 
climate records, in the form of recorded temperature data or additional proxies, for 
comparison purposes it is impossible to confirm whether this is the case or not. In 
Chapter 3 the 813C values of n-tricosane were also observed to correlate with 
temperature oscillations and as this compound is almost exclusively Sphagnum specific 
other affecting factors (such as changing plant inputs) are minimised. Therefore, 
correlation between the bulk and compound-specific C23 alkane records should help to 
confirm the potential usefulness of stable carbon isotope data in reflecting temperature 
fluctuations. 
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4.4.2.2 Compound Specific Analysis 
The stable carbon isotope compositions of selected n-alkane homologues for all peat 
horizons are summarised in Table 4.3. It was shown in Chapter 3 that by selecting the n- 
C23 component the effect of differing isotopic responses by plant types to environmental 
conditions, such as atmospheric C02, is minimised since in peat this compound is 
known to originate almost exclusively from Sphagnum. When plotted graphically the 
isotope values of this particular homologue appeared to reflect oscillations in 
temperature. The variation in 813C values for n-tricosane over the depths 250-500 cm is 
presented graphically in Figure 4.7. Again there is a large range of 813C values (-35.9%o 
to -31.4%o) which is well outside experimental error. It can immediately be seen that 
there are several large oscillations in the 250-400 cm range followed by a general trend 
towards less negative values. Based on the findings of Chapter 3 this would be 
interpreted as arising through oscillations in temperature with less negative values 
corresponding to lower temperatures (Francey et al., 1999). When this curve is 
compared to that of the bulk 813C curve the major oscillations seen in the compound 
specific curve can be correlated to oscillations in the bulk curve. Specifically, at the 
approximate depths of 270 cm, 325 cm and 355 cm there can be seen three large 
oscillations in the C23 isotope profile. These oscillations are also apparent in the bulk 
S13C curve (Fig. 4.6), though complicated somewhat by the higher sampling resolution; 
thus the bulk isotope curve does appear to contain a temperature signal, albeit 
superimposed upon other trends. 
At the lower depths of the profile (-400-500 cm) 813C values steadily rise and by the 
depth of -440 cm values have been reached which appear to indicate a cooler period; 
this agrees with trends seen in the CPI of the n-alkane distributions. Again these data 
illustrates the sensitivity of stable carbon isotope compositions of individual biomarker 
compounds of peat-forming plants to variations in atmospheric CO2. On the basis that 
[C021a is strongly correlated with temperature (e. g. Bamola et al., 1987) it is suggested 
that this technique can indeed be useful in providing indications of variations in 
temperature. 
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Figure 4.7 Variation in 813C values of n-tricosane (C23) over the interval 250-500 cm. 
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4.5 Conclusions 
A section of peat core dating to the mid-Holocene was investigated for its biomarker 
and stable isotope record with a view to palaeoclimate reconstruction. Particular 
attention focussed on the n-alkanes and the 5-n-alkylresorcinols previously identified as 
being source-specific biomarkers. The data was interpreted in the light of results 
obtained from analyses of modem bog vegetation and a section of sub-recent peat, for 
which detailed meteorological records exist. Specific conclusions are as follows: 
" The variation in the abundance of n-tricosane (C23; known to be almost exclusively 
Sphagnum-derived in peat), expressed as a ratio of the C23 and C31 components, 
again correlated with changes in the plant community as inferred from the 
macrofossil record. 
" Most importantly, this parameter appears to preserve information lost in the more 
degraded areas of the core, implying a greater Sphagnum abundancethan indicated 
by macrofossil leaf counts alone. This assertion is supported by evidence from the 
variation in abundance of the C21 and C25 homologues, along with the changing 
ACL. 
" The sedge-specific 5-n-alkylresorcinols are present in a total concentration that 
appears to correlate with the changing abundance of sedge macrofossils in this 
section of the peat core. However, large anomalies in this concentration curve, 
where values approach 3500 µg g'1, are suggested to be either a result of increased 
microbial activity or a demonstration of the enhanced preservation of lipids over 
cellulose. Environmental factors driving this increase are not clear. 
9 Consequently, the ratio of total concentration of resorcinols to total concentration of 
steroidal compounds (identified in Chapter 3 as correlating with cooler temperatures 
and accompanying vegetation changes) provided no useful information. 
" Bulk 813C values displayed significant fluctuations with depth taken to indicate 
variations in temperature over the time of peat accumulation. However, other 
fluctuations in the signal are assumed to be the result of changing plant populations, 
thus complicating this curve. Values appeared to provide further evidence of a 
higher Sphagnum input than expected from macrofossil analysis. 
" Compound-specific 813C values of n-tricosane showed several large oscillations that 
correlated with the fluctuations observed in the bulk 813C curve. In addition 
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enriched values at the lower end of the section appeared to agree with inferences 
made from the n-alkane CPI curve. Therefore, it appears that variations in 
temperature are indicated by the stable carbon isotope composition of the 
accumulated peat. 
In summary, it has again been demonstrated that certain biomarker and stable isotope 
measurements do provide potential palaeoenvironmental information. This appears to 
be particularly true of the n-alkanes of which the Sphagnum-specific n-tricosane is 
potentially very informative. However, it appears that other potentially diagnostic 
compounds provide less straightforward correlations with the plant macrofossil record. 
For example, the resorcinol record does not correlate simply with the sedge macrofossil 
data, to such an extent that an additional source of this class of compound has been 
invoked, namely bacteria. Nevertheless, the potential of these methods in providing 
additional proxy information for use in conjunction with more traditional 
palaeoenvironmental techniques has been clearly demonstrated. 
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Chapter 5 Reconstruction of Vegetation History using Pyrolysis 
5.1 Objectives 
The previous chapters have examined the composition of lipids in peat and peat forming 
plants and the potential use of these low molecular weight compounds in 
palaeoenvironmental reconstructions. In this chapter attention is focussed on the solvent 
insoluble residues of peat, the biomacromolecules, using pyrolysis-gas 
chromatography/mass spectrometry (py-GC/MS). The first objective is to analyse 
modem bog plants to confirm the presence of a marker compound for Sphagnum 
species, observed in pyrolysates of peatified materials (van der Heijden et al., 1996), 
and the absence of lignin. Likewise, the total absence of this Sphagnum marker from 
other plant inputs to the peat deposit is requisite for this study. The second objective is 
to trace this marker compound through a peat core and use its abundance relative to 
some lignin markers as a semi-quantitative measure of Sphagnum abundance. The 
results can then be used as an additional tool for reconstructing Sphagnum inputs to peat 
deposits, which will be especially useful in highly humified peats where macrofossils 
are difficult, if not impossible, to identify. 
5.2 Introduction 
Analytical studies of peat utilising pyrolysis techniques are relatively widespread 
compared to investigations of solvent extractable free lipid biomarkers. Due to the 
economic significance of peat deposits organic geochemists have paid more attention to 
the role of peat in coal formation (Given, 1984) than to the compositional history and 
botanical changes of the plant matter itself. Hence, the chemical analyses of peat has 
been more concerned with peat as a raw material and its calorific value than with its 
molecular chemical composition (Roy et al., 1983). Some studies have, however, 
applied organic geochemical techniques to palaeoenvironmental reconstructions. Since 
peat deposits are a valuable archive of past vegetational development (Godwin, 1981) 
analysis of the plant remains can provide information on changes in vegetation through 
time and interpretation of this data leads to inferences on how the bog has responded to 
environmental changes, in particular climate. Obviously, analyses of this type are 
limited to areas in the stratigraphy of a peat deposit where degradation of the plant 
material has been limited and species identification can be made with certainty. Highly 
humified peats can contain ca. 90 % unidentifiable organic matter and so recognisable 
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plant macrofossils provide an incomplete picture of the plant community at the time of 
deposition. 
Studies using pyrolysis have attempted to relate the resulting chemical signature of peat 
and peat-derived plant remains to palaeoecological data concerning humification and 
micro- and macrofossils. Bracewell et al. (1980) examined the process of humification 
in a blanket peat and a peaty podzol soil using Curie point pyrolysis-mass spectrometry 
(py-MS). Using an established relationship between peat humification and particle size 
a peat sample was separated into size fractions, whereby increasing humification is 
reflected by smaller particle size. These different size fractions were analysed and 
characteristic ions for phenols, methoxyphenols, aromatic hydrocarbons, aliphatic 
hydrocarbons, polysaccharide products and alkylpyrroles identified. Results indicated 
that the initial stages of humification occurring in peat deposits could be followed by 
py-MS. Increasing humification was chemically indicated by the loss of lignin-related 
methoxyphenols and some polysaccharide products, namely pentose, deoxyhexose and 
hexose. Furan ring polysaccharide products remained at an approximately constant level 
suggesting partial degradation of polysaccharides but also the presence of possibly 
altered or combined relatively stable forms of polysaccharides. An increase in the 
relative abundance of aromatic hydrocarbons (perhaps reflecting an increase in 
aromaticity in the polymer) and alkylpyrroles (derived from proteins or heterocyclically 
bound nitrogen) was also found to correlate with increasing humification. This work 
showed the usefulness of using pyrolysis techniques in examining the humification 
status of peats. 
Halma et al. (1984) characterised a sequence of peat soils ranging from oligotrophic to 
eutrophic deposits using Curie point py-MS, along with a range of traditional 
parameters (e. g. C/H ratio, ash content, humification, pH). They found that pyrolysis- 
mass spectra of oligotrophic and eutrophic peats appeared to be representative of the 
predominant vegetation type. The spectrum from the oligotrophic peat showed a 
polysaccharide-like pattern in combination with a phenolic series, very similar to the 
spectral pattern of Sphagnum. The eutrophic peat showed relatively more prominent 
aromatic nitrogen and sulphur series with a typical lignin-related series, and shared clear 
similarities with the spectrum of a humic acid. They concluded that that this also 
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reflected the very slow humification process in oligotrophic peat deposits and that py- 
MS can provide a means of classifying different peats. 
Further investigations of peat bogs using py-MS and py-GC/MS have been carried out 
by Boon et al. (1986) and van Smeerdijk & Boon (1987). As well as confirming 
previous findings that pyrolysates of peat reflect different inputs, with respect to relative 
abundances of lignin and polysaccharide pyrolysis products, both these investigations 
observed an unidentified compound with a molecular ion of m/z 134 in certain peat 
horizons. These horizons had very high Sphagnum inputs and thus pointed towards this 
compound appearing to be a characteristic pyrolysis product of Sphagnum mosses. The 
confirmation of a Sphagnum specific marker was achieved by analysing handpicked 
subfossil Sphagnum leaves and ericaceous material and its structure was tentatively 
assigned as a propenylphenol or methylbenzofuran. Work by van der Heijden (1994) 
and co-workers (1996) resulted in the inference that the marker compound was an 






Figure 5.1 Molecular structures of (a) sphagnum acid, and (b) 4-isopropenylphenol. 
Sphagnum acid (p-hydroxy-ß[carboxymethyl]-cinnamic acid; Fig. 5.1) is a well known 
and highly specific chemical marker, for Sphagnum mosses (Tutschek et al., 1973; 
Tutschek, 1975,1979; Rudolph and Samland, 1985; Wächter et al., 1987). Extensive 
biochemical investigations of bryophytes have so far failed to detect the presence of 
sphagnum acid outside the Sphagna (Tutschek, 1979; Rudolph & Samland, 1985). 
Upon pyrolysis sphagnum acid decarboxylates to form 4-isopropenylphenol (Fig. 5.1), 
due to the thermolability of the parent compound (van der Heijden, 1994; van der 
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Heijden et al., 1996). The pyrolytic formation of this compound is achieved by the 
expulsion of two CO2 molecules, the mechanisms for which (as first proposed by van 
der Heijden, 1994) are shown in Figure 5.2. 
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Figure 5.2 Mechanisms for the formation of (b) 4-isopropenylphenol from (a) 
sphagnum acid (after van der Heijden, 1994). 
The mechanisms involve a double 1,5-H shift and the elimination of two CO2 molecules 
or a double 1,3-H shift and the expulsion of two CO2 molecules. The intermediate 
compounds (c) and (d) were identified and characterised in the pyrolysates of peatified 
Sphagnum using transmethylation py-GC/MS (pyMe-GC/MS). Therefore, the presence 
of isopropenyiphenol in the pyrolysates of peats highlights the presence of a Sphagnum 
input to the deposit. In the course of his study, van der Heijden also demonstrated that 
sphagnum acid is at least partially covalently linked, via an ether bridge, to cell wall 
biopolymers and confirmed that Sphagnum mosses are devoid of lignin. 
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Investigations into the relationship between changes in degradation processes, due to 
peat bog hydrology variation, and the chemical modification of biopolymers of peat 
macrofossils have been carried out by Kuder & Kruge (1998), with a view to 
reconstructing palaeoenvironments. Taking account of the fact that degradation can be 
affected by plant type, since Sphagnum moss is chemically resistant to degradation (van 
der Heijden, 1994; van der Heijden et al., 1996) unlike Ericaceae (van der Heijden, 
1994; van der Heijden & Boon, 1994), they studied a series of Eriophorum vaginatum 
(sedge) macrofossils from an Upper Holocene peat profile eliminating taxonomic 
variations. Results showed that the yield of oxidised methoxy moieties and shortening 
of alkyl side-chains of methoxyphenols were the best indicators of oxidative 
degradation. They concluded that statistically significant differences in chemical 
composition between samples of different depths occurred, in part with a sequence of 
wet and dry phases inferred by palaeobotanical analysis. 
Analytical pyrolysis is a powerful tool for assessing the molecular chemical 
composition of complex organic materials, such as peat. The following work utilises 
some of the discoveries and inferences from the studies reviewed above to illustrate the 
use of sphagnum acid and its decarboxylation product isopropenylphenol in 
reconstructing changing Sphagnum abundance during peat formation. 
5.3 Sample Description 
The profile chosen to be analysed was from the depths of 250 to 500 cm, in the core 
taken from Bolton Fell Moss. Macrofossil analysis on this profile (Mauquoy, Maddy & 
Chambers, pers. comm. ) showed that this is an area of interesting change with a switch 
from predominantly Sphagnum to Eriophorum inputs at c. 430 cm (Fig. 5.3). Other 
points of interest include brief incursions of Eriophorum species during the period of 
Sphagnum dominance (-280,320-340 & 350 cm) and a relatively humified area 
between 450 and 500 cm. This sequence was therefore identified as an ideal profile to 
test the hypothesis that py-GC/MS can be used to reconstruct the relative Sphagnum 
input. 
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5.4 Results and Discussion 
Firstly, the pyrolysis products of the suite of peat forming plants previously analysed for 
their lipid content in Chapter 2 will be examined. A discussion of the results of the 
analysis of the peat sequence will follow. Peak numbers in the Figures depicting py- 
GC/MS traces refer to compounds listed in Table 5.1 and in the text.. 
Table 5.1 Products resulting from py-GC/MS of plant and peat samples. 
No. Compound name M+' No. Compound name M+' 
1 acetic acid 60 38 4-ethylphenol 122 
2 acetic acid methyl ester 74 39 4-methyl-2-methoxyphenol 138 
3 unknown (PS') 58 40 5-(hydroxymethyl)-2-furaldehyde 126 
4 hydroxypropanal 74 41 1,2-benzenediol 110 
5 toluene 92 42 4-ethenylphenol 120 
6 pyruvic acid methyl ester 102 43 4-ethyl-2-methylphenol 136 
7 (2H)-furan-3-one 84 44 1,4-anhydroxylofuranose 132 
8 3-furaldehyde 96 45 4-ethyl-2-methoxyphenol 152 
9 2,4-pentadienal 82 46 indole 117 
10 2-furaldehyde 96 47 1,4-dideoxy-D-glycerohex-l- 144 
11 4,5-dihydro-2-methylfuran-3-one 98 enopyranos-3-ulose 
12 1-acetyloxypropan-2-one 116 48 4-isopropenylphenol 134 
13 3-cyclopenten-1,2-dione 96 49 4-ethenyl-2-methoxyphenol 150 
14 (5H)-furan-2-one 84 50 2,6-dimethoxyphenol 154 
15 Styrene 104 51 2-methoxy-4-(1-propenyl)phenol 164 
16 2-methyl-2-cyclopenten-l-one 96 52 2-methoxy-4-propylphenol 166 
17 unknown (PS') 126 53 4-formyl-2-methoxyphenol 152 
18 unknown (PSa) 114 54 1,6-anhydro-ß-D-galactopyranose 162 
19 2,3-dihydro-5-methylfuran-2-one 98 55 2-methoxy-4-(2-(Z)-propenyl)phenol 164 
20 5-methyl-2-furaldehyde 110 56 2,6-dimethoxy-4-methylphenol 168 
21 4-hydroxy-5,6-dihydro-(2H)- 114 57 4-ethanal-2-methoxyphenol 166 
pyran-2-one 58 2-methoxy-4-(2-(E)-propenyl)phenol 164 
22 phenol 94 59 1,6-anhydro-ß-D-mannopyranose 162 
23 3-hydroxy-2-methyl-2- 112 60 4-acetyl-2-methoxyphenol 166 
cyclopenten-l-one 61 1,6-anhydro-ß-D-glucopyranose 162 
24 2-hydroxy-3-methyl-2- 112 62 2-methoxy-4-(2-propanone)phenol 180 
cyclopenten-l-one 63 2,6-dimethoxy-4-ethylphenol 182 
25 dianhydrorhamnose 128 64 2,6-dimethoxy-4-ethenylphenol 180 
26 5-ethyl-2-furaldehyde 124 65 2,6-dimethoxy-4-(1-propenyl)phenol 194 
27 2-methylphenol 108 66 2,6-dimethoxy-4-propylphenol 196 
28 unknown (PS') 128 67 2,6-dimethoxy-4-formylphenol 182 
29 2-(propan-2-one)tetrahydrofuran 128 68 2,6-dimethoxy-4-(2-(Z)- 194 
30 3-methylphenol 108 propenyl)phenol 
31 4-methylphenol 108 69 2,6-dimethoxy-4-(2-(E)- 194 
32 2-methoxyphenol 124 propenyl)phenol 
33 3-hydroxy-2-methyl-(4H)-pyran- 126 70 4-acetyl-2,6-dimethoxyphenol 196 
4-one 71 2,6-dimethoxy-4-(2- 210 
34 methyl-4-hydroxy-5,6-dihydro- 128 propanone)phenol 
(2H)-pyran-2-one 72 prist-l-ene 266 
35 a dimethyldihydropyranone 126 73 2,6-dimethoxy-4-(1-propanone) 210 
36 2,4-dimethylphenol 122 phenol 
37 unknown 116 
polysaccharide pyrolysis product 
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5.4.1 Survey of Plant Biomacromolecules 
The results of the py-GC/MS analysis of the solvent insoluble residues of the peat 
forming plants confirmed that Sphagnum species were the only plants which yield 4- 
isopropenylphenol, the known biomarker for Sphagnum (van der Heijeden, 1994; van 
der Heijden et al., 1996) upon pyrolysis. For example Figure 5.4 shows the py-GC/MS 
traces for Sphagnum magellanicum and S. imbricatum, in which 4-isopropenylphenol 
[48] is clearly abundant. Likewise, there is a complete absence of any lignin markers in 
the pyrolysates of all Sphagnum species, whilst all other higher plants contained 
significant traces of such compounds (2-methoxyphenols and 2,6-dimethoxyphenols) 
example chromatograms of which are given in Figure 5.5. A list of the major marker 
compounds found in each species is given in Table 5.2. 
The pyrolysates of the eight Sphagnum species are very similar, all being dominated by 
simple phenolic compounds and polysaccharide products. The obvious similarities 
between the species S. magellanicum (dominant in the top c. 50 cm of the core) and S. 
imbricatum (dominant between c. 50 cm and c. 430 cm) can be observed in Fig 5.4. The 
dominant compound in all species is phenol [22] followed by 4-ethenylphenol [42] and, 
importantly, 4-isopropenylphenol [48]. Other compounds present in substantial amounts 
include acetic acid, furan-derivatives (e. g. 2,3-dihydro-5-methylfuran-2-one [19]; 5- 
methyl-2-furaldehyde [20]), pyran-derivatives (e. g. 4-hydroxy-5,6-dihydro-(2H)-pyran- 
2-one [21]) and hexose anhydrosugars (e. g. 1,6-anhydro-ß-D-glucopyranose 
(levoglucosan) [61]). Other compounds, present in significant abundances, are 
hexadecanoic acid and an unknown compound with a molecular ion of m/z 116. It is 
important to note the absence of any methoxyphenols, indicative of lignin. 
The phenolic compounds found were phenol [22], 2-methylphenol [27], 3-methylphenol 
[30], 4-methylphenol [31], 2,4-dimethylphenol [36], 4-ethylphenol [38], 4- 
ethenylphenol [42], 4-ethyl-2-methylphenol [43] and 4-isopropenylphenol [48]. The 
origin of these phenolic compounds is thought to be a tannin-like polyphenolic 
biopolymer, the Sphagnum biomarker 4-isopropenylphenol being at least partially 
bound to this (van der Heijden, 1994, van der Heijden et al., 1996). This biopolymer is 
highly resistant to decay and might play a key role in the preservation of Sphagnum 
derived cellulose in peat, the presence of which is indicated by polysaccharide pyrolysis 
168 
Chapter 5 Reconstruction of Vegetation History using Pyrolysis 




Retention time (min) 
Figure 5.4 Py-GC/MS total ion chromatograms (TIC) of insoluble organic matter in a) 
Sphagnum magellanicum, and b) S. imbricatum. Numbers refer to compounds listed in 
Table 5.1. Asterisks indicate contaminants. C16FA = hexadecanoic acid. 
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Figure 5.5 Py-GC/MS TIC of insoluble organic matter in a) Eriophorum vaginatum, 
and b) Erica tetralix. Numbers refer to compounds listed in Table 5.1. Asterisks 
indicate contaminants. CFA = n-alkanoic acids. C,,,, = n-alkenoic acids. 
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Table 5.2 Summary of py-GC/MS derived marker compounds found in suite of plant 
samples. Numbers refer to compounds listed in Table 5.1. 
Species Cellulose markers Phenols Lignin markers 




S. imbricatum 1,2,3,4,6,7,8,9,10,11,12,13,14,16,19,20, 22,27,30,31,36, 
21,23,24,25,26,28,29,33,34,35,40,44,47, 38,42,43,48 
54,59,61 
S. capillifolium 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,36, 
20,21,23,24,25,26,28,29,33,34,35,40,44, 38,42,43,48 
47,54,59,61 
S. cuspidatum 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,36, 
20,21,23,24,25,26,28,29,33,34,35,40,44, 38,42,43,48 
47,54,59,61 
S. palustre 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,38, 
20,21,23,24,25,26,28,29,33,34,40,44,47, 42,43,48 
54,59,61 
S. papillosum 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,36, 
20,21,23,24,25,26,28,33,34,35,40,44,47, 38,42,43,48 
54,59,61 
S. recurvum 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,38, 
20,21,23,24,25,26,28,29,33,34,35,40,44, 42,43,48 
47,54,59,61 
S. sub-nitens 1,2,3,4,6,7,8,9,10,11,12,13,14,16,19,20, 22,27,30,31,36, 
21,23,24,25,26,28,33,34,35,40,44,47,54, 38,42,43,48 
59,61 
Polytrichum sp. 1,2,3,4,6,7,8,9,10,11,12,13,14,16,18,19, 22,27,30,31,36, 20,21,23,24,25,26,28,29,33,34,35,44,47, 38,42,43 
54,59,61 








































Calluna vulgaris 10,12,13,14,16,19,21,23, 2 ,8 4, 22,27,30,31,38, 32,39,45,49,50,51,53,55,56,58,60,63,64 1 4,28 6,7 
Erica tetralix 1,2,3,4,6,7,8,9,10,12,13,14,16,19,21,23, 22,27,30,31,38, 32,39,45,49,50,51,53,55,56,58,60,63,64 
24,28,29,44,54,61 42 




products (Pouwels et al., 1989; van Bergen et al., 1996). Most of the polysaccharide 
pyrolysis products (1,2,4,6,7,8,9,10,11,12,13,14,16,19,20,23,24,26,29,40, 
44,47,54,59,61) encountered in these pyrolysates are probably derived from cellulose, 
the main constituent of holocellulose. In addition, 4-hydroxy-5,6-dihydro-(2H)-pyran-2- 
one [21] is considered to be a marker for hemicellulose, the other constituent of 
holocellulose (van Bergen et al., 1996). In higher plant lignin-cellulose matrices 
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hemicellulose plays an important, role as cross-linkage elements between the cellulose 
microfibres and the lignin macromolecule (e. g. Pouwels et al., 1989) and therefore it is 
suggested that its presence in Sphagnum could indicate a role in linking cellulose to the 
polyphenolic biopolymer. The presence of n-hexadecanoic acid indicates that this n- 
alkanoic acid is bound in the cell structure of Sphagnum plants, possibly as part of the 
polyphenolic biopolymer. 
The three non-Sphagnum mosses analysed (a Polytrichum species, Aulacomnium 
palustre and Hypnum cupressiforme) all yielded very similar pyrolysis products to the 
Sphagnum species, the difference being that the phenols are present in much reduced 
abundance. The dominant compound in the Polytrichum species is acetic acid [1], also 
present as its methyl ester [2] that coelutes with the former. Following this are 
polysaccharide pyrolysis products, the most prominent of these being hydroxypropanal 
[4], pyruvic acid methyl ester [6], 2-furaldehyde [10], 2,3-dihydro-5-methylfuran-2-one 
[19], 2-hydroxy-3-methyl-2-cyclopenten-1-one [24], the unknown compound with a 
molecular ion m/z 116 [37] and levomannosan [59]. Phenols present are similar to those 
found in Sphagnum [22,27,30,31,36,38,42 and 43] but are considerably less 
abundant and importantly no . trace of 4-isopropenylphenol [48] was found. The 
pyrolysate of A. palustre is very similar with just the relative quantities differing: acetic 
acid [1] and its methyl ester [2] are the most abundant compounds and the most 
predominant of the rest of the polysaccharide products are 2-furaldehyde [10], 2,3- 
dihydro-5-methylfuran-2-one [19], 5-methyl-2-furaldehyde [20], the unknown with 
molecular ion m/z 116 [37], levomannosan [59] and levoglucosan [61]. Again phenols 
are present [22,27,30,31,36,38 and 42] but in significantly reduced amounts and no 
sphagnum acid product [48] is evident. The case of H. cupressiforme is once again that 
of a pyrolysis trace dominated by polysaccharide pyrolysis products, most strikingly by 
acetic acid [1] and its methyl ester [2]. These are followed by 2-furaldehyde [10], 2,3- 
dihydro-5-methylfuran-2-one [19], 5-methyl-2-furaldehyde [20], the unknown with 
molecular ion m/z 116 [37] and levoglucosan [61]. The proposed Sphagnum biomarker 
[48] is not present and those phenols that are evident [22,27,30,31,36,38,42 and 43] 
are present in much reduced quantities relative to Sphagnum. 
The main inference that can be made from these observations are that there is a large 
element of cellulose in the structural make up of these mosses as shown by the highly 
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abundant nature of polysaccharide products in the pyrolysates (van Bergen et al., 1996). 
The hemicellulose marker 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one [21] is present in a 
significant quantity showing the presence of both elements of holocellulose. It should be 
noted that no evidence of lignin is present but the presence of any substitute biopolymer 
is unclear. 
The pyrolysates of the sedges analysed (Eriophorum vaginatum, E. angustifolium, 
Trichophorum cespitosum and Rhynchospora alba) are dominated by phenols, 2- 
dimethoxyphenols, 2,6-dimethoxyphenols and polysaccharide pyrolysis products (cf. 
Fig. 5.5a), 4-ethenylphenol [42] and 4-ethenyl-2-methoxyphenol [49] being particularly 
abundant pyrolysis products. These results clearly indicate the presence of angiosperm 
lignin-cellulose (Saiz-Jimenez & de Leeuw, 1986) and more specifically 
monocotyledon lignin-cellulose, based on the identification of abundant 4- 
ethenylphenol and 4-ethenyl-2-methoxyphenol (van Bergen et al., 1997,1998b). The 
precursors for these compounds are p-coumaric acid and ferulic acid, respectively. Most 
of the polysaccharide pyrolysis products encountered [e. g. 1,2,6,10,19,24,40,61] 
probably originate from cellulose, whilst the presence of 4-hydroxy-5,6, -dihydro-(2H)- 
pyran-2-one [21] confirms the presence of hemicellulose. Hemicellulose, as previously 
mentioned, is important in the cross-linking of cellulose microfibres and the lignin 
macromolecule (Pouwels et al., 1989). E. vaginatum is observed to contain a 
homologous series of n-alkanes and n-alk-l-enes in trace amounts. This is assumed to 
indicate small amounts of root material in the sample. Pyrolysis of root material of E. 
vaginatum and E. angustifolium did indeed show small amounts of these pyrolysis 
products, however their presence in `aerial' plant parts cannot be entirely discounted. 
Of the other plants the most important points to note are that they all contained lignin 
sub-units and there is no trace of the Sphagnum biomarker, 4-isopropenylphenol [48], in 
any of them. Empetrum nigrum is dominated by 4-ethenylphenol [42] closely followed 
by acetic acid [1] and its methyl ester [2]. Other compounds present in significant 
amounts include numerous polysaccharide pyrolysis products, simple phenols and 2- 
methoxyphenols (see Table 5.2), and C16 and C18 n-alkanoic and n-alkenoic acids. 
Perhaps most interesting is the low abundance of guaiacyl (2-methoxyphenol) units with 
>C2 substituents and syringyl (2,6-dimethoxyphenol) units. The differences in the 
pyrolysis products obtained must indicate differences in the structure of the lignin 
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macromolecule of E. nigrum compared to the sedges discussed above, and in the ligno- 
cellulose macromolecular structure as a whole. Also of interest is the presence of 
several aromatic hydrocarbon pyrolysis products including toluene, ethylbenzene, 
ethenylbenzene (styrene), 1,2-dimethylbenzene, and a compound tentatively identified 
as benzoic acid. These components may be part of the cell wall structure in the foam of 
a biomacromolecule interacting with the lignin and cellulose, although styrene has been 
reported as being formed from lignin (Ralph & Hatfield, 1991). The pyrolysate of 
Vaccinium oxycoccus is dominated by acetic acid [1] and its methyl ester [2], 2- 
methoxyphenol [32], 4-methyl-2-methoxyphenol [39], 4-ethenyl-2-methoxyphenol [49] 
and 2-methoxy-4-(2-(E)-propenyl)phenol [58]. Other polysaccharide and lignin marker 
compounds are present in lower quantities, clearly demonstrating the presence of 
dicotyledon angiosperm lignin-cellulose (van Bergen et al., 1996). Acetic acid [1], its 
methyl ester [2] and 4-ethenylphenol [42] dominate the pyrolysate of Calluna vulgaris 
by a considerable margin. Other compounds present are polysaccharide pyrolysis 
products, phenols, 2-methoxyphenols, 2,6-dimethoxyphenols and fatty acids. Most 
interesting is the lack of syringyl units with side chains longer than two carbon atoms 
and the overwhelming predominance of 4-ethenylphenol, which is probably indicative 
of the nature of the parent macromolecule. Erica tetralix contains all the pyrolysis 
products indicative of lignin-cellulose, the most abundant of which being 4- 
ethenylphenol, yet interestingly the most predominant components are unsaturated C16 
n-alkenoic acids. Also present are C14 and C18 homologues, illustrating the importance 
of these acids, possibly cell wall bound, in the structural make-up of the plant. The 
compounds released upon pyrolysis of Andromeda polifolia are also typical of 
angiosperm lignin-cellulose. 
In summary, with regard to the objective of this study, results from the pyrolysis of 
modem bog plants have shown that the Sphagnum biomarker, 4-isopropenylphenol, is 
only present in the pyrolysates of the eight Sphagnum species, therefore making it 
strikingly diagnostic of these mosses. It has also been demonstrated that Sphagnum 
moss is devoid of lignin based on a complete lack of a signal for 2-methoxyphenols or 
2,6-dimethoxyphenols. 
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5.4.2 Biomacromolecules in Peat 
The pyrolysates of peat horizons resemble those of the predominant vegetation of the 
horizon depths (cf. Fig. 5.6,5.7), as reflected in the macrofossil content of the peat 
(Figs. 5.3). That from depth 394-395 cm is dominated by phenol [22], along with 
substantial amounts of 2-furaldehyde [10], 5-methyl-2-furaldehyde [20], 4-hydroxy-5,6- 
dihydro-(2H)-pyran-2-one [21], dianhydrorhamnose [25], 3-methylphenol [30] + 4- 
methylphenol [31] (co-eluting), the unknown component with M+' 116 [37], 4- 
ethenylphenol [42], 4-isopropenylphenol [48] and 1,6-anhydro-ß-D-glucopyranose 
(levoglucosan) [61]. The presence and abundances of these compounds are such that a 
comparison with the pyrolysate of the dominant Sphagnum imbricatum input can 
readily be drawn; there are however some notable differences. Perhaps the most striking 
difference in the pyrolysate of the peatified material is the dramatic increase in the 
hexose anhydrosugar levoglucosan [61], relative to the other pyrolysis products. That 
this is due to selective preservation is unlikely since although it has been found that the 
bulk of polysaccharides in Sphagnum are well preserved (van der Heijden, 1994), a 
slight reduction in the anhydrosugars was observed. Van der Heijden and co-workers 
have suggested that a more likely explanation is an increase in transglycosidation 
reactions due to the removal of inorganics resulting in a higher recovery of 
anhydrohexoses, a phenomenon seen in peatified Calluna wood (van der Heijden, 1994; 
van der Heijden & Boon, 1994). A second notable difference between the pyrolysates of 
the peat forming plants and the peat is the increased relative abundance of the 
unidentified component with M+' 116 [37], which has also been observed in several 
previous pyrolytic studies of peat (e. g. Boon et al., 1986; van der Heijden, 1994; van 
der Heijden & Boon, 1994) as a major component. This compound is seen in all the 
plant species but in reduced abundance relative to peat. The presence of lignin markers 
in the form of 2-methoxyphenols [32,39,45,50,51,53,55,58,60,62] and 2,6- 
dimethoxyphenols [49,56,63,64,65,67,68,69,70,71] in the peat pyrolysate, albeit in 
small quantities, indicate a small lignin contribution, which is expected from the plants 
making up the rest of the peat forming plant population. The identification of indole 
[46] suggests a small protein content in the peat since it is a known protein marker 
(Ralph & Hatfield, 1991) and it is probably derived from amino sugar or amino acid 
moieties (van Bergen et al., 1998a, b). Finally, the pyrolysate of peatified material 
revealed an homologous series of n-alkanes and n-alk-l-enes providing evidence for the 
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Figure 5.6 Py-GC/MS TIC of insoluble organic matter in a) Sphagnum imbricatum, 
and b) peat horizon 394-395 cm depth. Numbers refer to compounds listed in Table 5.1. 
Asterisks indicate contaminants. C16FA = hexadecanoic acid. Closed circles = n- 
alkanes. Crosses = n-alk-1-enes. 
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Figure 5.7 Py-GC/MS TIC of insoluble organic matter in a) Eriophorum vaginatum, 
and b) peat horizon 442-443 cm depth. Numbers refer to compounds listed in Table 5.1. 
Asterisks indicate contaminants. C16FA = hexadecanoic acid. Closed circles = n- 
alkanes. Crosses = n-alk-l-enes. 
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presence of highly aliphatic moieties, the origin of which is still unclear. Possible 
sources are higher plant macromolecules such as cutan, suberan or suberin (Tegelaar et 
al., 1989; Augris et al., 1998; van Bergen et al., 1998b) or an aliphatic biomolecule 
from microorganisms (Lichtfouse et al., 1995). It was noted previously that these 
aliphatic compounds are observed in the pyrolysates of the roots of E. vaginatum and E. 
angustifolium but in much reduced relative abundances. Therefore, the alkanes and 
alkenes observed in the peat could derive directly from roots of these, and other plants, 
and increase in relative abundance due to selective preservation. The most likely 
precursors are a combination of plant biomacromolecules and microorganism 
biomolecules. However, the possibility of these aliphatic compounds being the result of 
incomplete solvent extraction of free lipids must also be considered. 
The pyrolysate of a peat horizon with a predominantly Eriophorum vaginatum input 
(according to macrofossil analysis; Fig. 5.3) at a depth of 442-443 cm, is shown in 
Figure 5.7. In this case the dominant compounds are 2-furaldehyde [10], 2- 
methoxyphenol [32], the unknown with M+' 116 [37], 2-methoxy-4-methylphenol [39], 
4-ethenylphenol [42], 4-ethenyl-2-methoxyphenol [49] and 1,6-anhydro-ß-D- 
glucopyranose (levoglucosan) [61], making a monocotyledon lignin-cellulose input 
apparent (van Bergen et al., 1997,1998b). With some notable exceptions the presence 
and relative abundances of these pyrolysis products enables a comparison to be drawn 
with the pyrolysate of E. vaginatum (Fig. 5.7). One exception is the relatively increased 
abundance of phenol [22], present in only small quantity in the plant pyrolysate. This 
most likely originates from the small Sphagnum contribution to the original plant 
population at this depth (macrofossils, Fig. 5.3), although a protein source cannot be 
ruled out (Ralph & Hatfield, 1991) though it is considered unlikely. Additionally, there 
is an increased relative abundance of the unidentified compound [37] with M+' 116. This 
component is found in greater amounts than in the plants analysed, however its structure 
and origin are currently unknown. Other differences are congruent with those seen in 
the pyrolysate of the peat horizon from depth 394-395 cm discussed above in that there 
is a dramatic increase in the relative abundance of levoglucosan [61], the protein marker 
indole [46] is present and there is an homologous series of n-alkanes and n-alk-l-enes. 
This supports the above interpretations because it shows that these characteristics are 
independent of vegetation macromolecules. Finally, it is important to note the 
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dramatically reduced relative amount of the Sphagnum biomarker 4-isopropenylphenol 
[48] observed in this horizon in comparison to that seen at depth 394-395 cm. This is 
clearly indicative of the relatively small Sphagnum abundance at the peat bog surface at 
the time of accumulation of this horizon. 
In summary, it is clearly apparent that the pyrolysates of samples of the peat horizons 
very much resemble the pyrolysates of their major plant inputs. In particular, the 
identification of 4-isopropenylphenol indicates the presence of a Sphagnum input to the 
peat and its abundance is related to the proportion of Sphagnum in the total plant input. 
This is an area that is investigated and discussed further in the following section. 
5.4.3 Vegetation History Reflected in Variations in py-GC/MS Derived Biomarkers 
For this part of the study biomarker compounds have been (semi-) quantified by 
measurement of peak areas in their specific mass chromatograms. Figure 5.8 shows a 
comparison of four measurements centred on the Sphagnum biomarker 4- 
isopropenylphenol with the varying proportion of Sphagnum down the profile, between 
depths 250 to 500 cm. It can be seen that there is a degree of similarity between all of 
the parameters. Figure 5.8(b) shows the variation in the relative abundance of 4- 
isopropenylphenol (I), a raw parameter that is seen to follow the trends in the Sphagnum 
macrofossil record [Fig. 5.8(a)]. However, this measurement alone does not hold a great 
deal of information because although the quantity of each peat sample pyrolysed was 
reasonably constant small variations could skew the data. Therefore this parameter is 
useful only as a guide to the trend in variation of Sphagnum content. In an attempt to 
`normalise' these values the abundance of 4-isopropenylphenol per mass pyrolysed has 
been calculated and the results shown in Figure 5.8(c). It is obvious that presenting the 
data in this way greatly increases the correlation with the abundance of Sphagnum 
macrofossils, with the resulting curve generated by this data reflecting areas of high and 
low Sphagnum macrofossil abundance quite clearly. Once again the information that 
can be derived from this type of analysis was anticipated to be at best semi-quantitative, 
however it can be clearly seen that the changing trends in the vegetation history, 
determined from the macrofossil record, closely match the variations in the abundance 
of isopropenylphenol. 
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Figure 5.8(d) shows the result of calculating the percentage of 4-isopropenylphenol 
from a data set of the Sphagnum biomarker and two lignin sub-units representative of 
the higher plant input, these being 2-methoxyphenol (a guaiacyl unit - G) and 2,6- 
dimethoxyphenol (a syringyl unit - S). The resulting curve again shows a good 
correlation with the macrofossil curve. There also appears to be good agreement 
between the numbers, the percentage of both maximising between 80 to 90%. Thus, it 
appears that this parameter provides information about not only the variation in 
Sphagnum macrofossil abundance but also the proportion present. 
It should be noted that there are differences between the isopropenylphenol record 
obtained in this chapter and the lipid biomarker records observed over the same peat 
profile, reported in Chapter 4. The lipid biomarker records disagreed with the 
macrofossil record and it was suggested that decay of Sphagnum macrofossils had 
occurred, which skewed the macrofossil data. This brought into question the 
completeness of the macrofossil record and highlights the fact that a macrofossil count 
is itself a proxy, albeit a widely used one, and as such is not without ambiguity. If, as 
proposed, the macrofossil record is reflecting decay as a result of certain 
palaeoenvironmental conditions then it seems reasonable to expect the 
isopropenylphenol record to also be a decay driven parameter. The reasoning for this 
explanation is straightforward; the measured compound, 4-isopropenylphenol, is a 
pyrolysis-derived product of sphagnum acid (the Sphagnum moss biomarker 
compound), which is a structural constituent of the cell walls of Sphagnum mosses. 
Thus, as the structure of the macrofossils collapses during the decay process it would be 
expected that the cell wall bound sphagnum acid would be released into the 
environment. Once free, rapid decay would occur as has been shown by Wilschke et al. 
(1989) whereby peroxidative degradation of sphagnum acid would result in the 
formation of 2,5-dihydro-5-hydroxy-4-[4'-hydroxyphenyl]-furan-2-one (Fig. 5.9), 
abbreviated as hydroxybutenolide. 
HO 
Figure 5.9 Hydroxybutenolide -- a decay product of sphagnum acid. 
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Rudolph and Samland (1985), and Wächter et al. (1986) have also reported this rapid 
decay of sphagnum acid. Thus, it is possible that as the macrofossils decay, the 
sphagnum acid content decreases and this is reflected in the isopropenylphenol record. 
Therefore, this must be indicating a change in environmental conditions from those 
where decay is occurring to others in which decay is relatively inhibited, the exact 
nature of which is as yet unclear. 
5.5 Conclusions 
The aim of this chapter was to investigate the diagnostic value of the proposed 
Sphagnum biomarker 4-isopropenylphenol and study its varying abundance in deposited 
peat. This was achieved by a systematic study of twenty plant samples followed by 
analysis of thirty-eight peat samples. 
The results of pyrolysis of the different peat forming plant confirmed that 4- 
isopropenylphenol is uniquely present in Sphagnum mosses. The other mosses and 
higher plants examined contained phenolic compounds but 4-isopropenylphenol was 
conspicuous by its total absence. All mosses were concluded to be devoid of any lignin 
macromolecule due to the lack of products of lignin sub-units in their pyrolysates. The 
prominence of phenols in Sphagnum and the lack of lignin points to the presence of 
tannin-like polyphenolic biopolymers, thought to be highly resistant to decay, and 
possibly linked to cellulose microfibres via hemicellulose cross-linkages (van der 
Heijden, 1994). Other mosses appear to lack this structural feature as demonstrated by 
the relative lack of phenols in their pyrolysates. The structural elements of the sedge 
species are all composed of the typical monocotyledon lignin-cellulose, with their roots 
containing an additional aliphatic component based on small quantities of n-alkanes and 
n-alk-l-enes in their pyrolysates. Other plants were composed of dicotyledon 
angiosperm lignin-cellulose. 
The pyrolysates of peat horizons resembled those of the predominant vegetation of the 
horizon depths. Increased quantities of levoglucosan are most likely a result of an 
increase in transglycosidation reactions due to the removal of inorganics, resulting in a 
higher recovery of anhydrohexoses (as suggested by van der Heijden & Boon, 1994). 
The presence of a homologous series of n-alkanes and n-alk-l-enes is probably derived 
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from a combination of plant biomacromolecules and microorganism biomolecules. An 
increased input of Sphagnum moss into a horizon results in a greater abundance of the 
marker compound 4-isopropenylphenol being apparent. Hence when measured down a 
profile variations in the abundance of Sphagnum macrofossils are reflected by the 
relative abundance of 4-isopropenylphenol present, the best proxies being the 
abundance of I per mass pyrolysed and I as a percentage of I+G+S. This appears to 
be as least a reliable method for reconstructing the Sphagnum input to a peat deposit as 
macrofossil counting statistics. 
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6.1 Overview 
This thesis has been concerned with the biogeochemical study of biomarkers in 
ombrotrophic mires in the reconstruction of palaeoenvironments, and more specifically 
palaeoclimates. This involved the techniques of GC, GC/MS, GCC/IRMS and py- 
GC/MS being employed in the identification of biomolecules, establishing their 
distributions and where appropriate determining their stable carbon isotope 
compositions, in an attempt to relate these properties to their source organisms (largely 
peat forming plants) to derive palaeoclimatic information from them. 
The study began by assessing the lipid composition of the major peat forming plants at 
Bolton Fell Moss (Chapter 2), which included Sphagnum, other bog mosses, sedges, 
Ericaceae and lichen. This was taken to be a logical starting point of an investigation 
concerning the lipid composition of accumulated peat, which itself consists of partially 
decayed plant matter. Since the peat provides a record of previous plant populations, 
albeit incomplete at times, knowledge of the lipid composition of modem peat forming 
plants can assist with interpretation of the lipid composition of the peat. Following the 
assessment of the lipid composition of the various peat forming plants, Chapter 3 sought 
to utilise the information gained in the analysis of a shallow peat profile accumulated 
over a time period for which well established meteorological records are available. This 
enabled the changes in plant communities and climate reflected in the accumulated peat 
to be compared; significant information regarding climate changes was obtained. 
Chapter 4 sought to extend the use of these techniques to a much longer and older peat 
profile, encompassing a period for which climate records are much less certain. The 
results obtained again illustrated the potential palaeoenvironmental and palaeoclimatic 
information that can be obtained from lipid stratigraphic data; however, certain 
complications were also identified, highlighting the care with which such data must be 
interpreted. Chapter 5 examined the composition of the solvent insoluble residues of 
both the peat forming plants and the peat itself and established a new method for 
reconstructing the Sphagnum contribution to a peat deposit. The remainder of this 
overview will consider the results of the research presented in this thesis in an attempt 
to assess the potential that biomarker stratigraphic analyses have as a tool for 
palaeoclimate reconstruction. 
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The initial investigative stage of analysis of the lipid composition of peat forming plants 
revealed a number of interesting findings. The most significant observation appeared to 
be the differences in n-alkane distributions between the Sphagnum species and the other 
plants analysed. The n-alkane distributions of Sphagnum were characterised by 
enhanced contributions from shorter chain length homologues (C21-C25), whilst those of 
the remaining plants revealed typical higher plant distributions (C29 or C31 maxima). 
Therefore, the C23 and C25 n-alkanes were identified as having biomarker potential in 
peats as source-specific indicators. Whilst these distributions have been noted 
previously (e. g. Corrigan et al., 1973), a complete study of peat forming vegetation has 
been lacking and the use of shorter-chain length n-alkanes as source-specific indicators 
for Sphagnum has been largely overlooked until now. Furthermore, compound specific 
stable carbon isotope analysis of the n-alkanes revealed that these Sphagnum specific 
shorter chain length components had 813C values that were relatively depleted in 
comparison to longer chain length components and those of other plants. Therefore, not 
only would the presence of these shorter chain length n-alkanes in peat indicate 
Sphagnum input but the isotopic signature provides a method of confirming this. 
Analysis of the n-alkanes from a peat profile spanning the previous c. 220 years showed 
the abundance of n-tricosane (C23) varied with depth in a manner that appeared to be 
related to vegetation changes, as inferred from macrofossil analysis. The varying 
abundance was expressed as the ratio C23/C31, a parameter that should illustrate the 
change in relative abundance of Sphagnum and other plants, and/or variation in 
Sphagnum species in Sphagnum dominated areas of the core. These changes were also 
reflected by variations in the average chain length of the n-alkane distributions. 
Interestingly, these vegetation changes could in turn be related to climatic factors and 
occurred over a cooler period, shown by average temperatures based on the Sphagnum 
growing season. It is worth noting that this is the first time a good correlation between 
lipid data and macrofossil records has been observed (cf. Farrimond & Flanagan, 1995; 
Ficken et al., 1998). Stable carbon isotope analysis of the n-alkanes produced results 
similar to those that would be expected from examination of the plant derived n- 
alkanes, i. e. relatively depleted values for shorter chain length components, along with 
an expected trend resulting from anthropogenic activities. However, of particular 
interest was the 813C values of the n-C23 component; by selecting the n-C23 component 
the effect of differing responses by plant types to changing environmental conditions 
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(e. g. atmospheric C02, temperature, humidity etc. ) on causing variation in S13C values 
is minimised because this compound is known to originate almost exclusively from 
Sphagnum in this environment. The variation of these values over time showed several 
oscillations that strongly correlated with oscillations seen in the instrumental 
temperature record. Thus, whilst not being a pure temperature signal, 813C values of n- 
tricosane indicated variations in temperature at the time of peat accumulation. Whilst 
S13C studies of bulk peat fractions have been successfully applied to climate 
reconstructions using mires in tropical regions based on both the different ecological 
requirements of C3 and C4 plants (e. g. Sukumar et al., 1993; Aucour et al., 1994), and 
also peat macrofossils (White et al., 1994; Figge & White, 1995), this is the first time a 
response has been shown to temperature based on 813C values of biomarkers from a 
northern latitude peat bog (cf. Ficken et al., 1998 who found no response in a Scottish 
montane peat bog bar that due to increased burning of fossil fuels). n-Alkane 
distributions were also assessed for a much older mid-Holocene peat for which no 
documentary climate records exist. In this case, variations in the abundance of n- 
tricosane (C23) with depth, expressed as the C23/C31 ratio, again correlated with changes 
in the plant community as inferred from the macrofossil record. Furthermore, it 
appeared that this parameter conveyed information lost in the more degraded areas of 
the profile by implying a greater Sphagnum population than shown by macrofossil leaf 
counts alone. This suggestion was strengthened by evidence from the variation in 
abundance of the C21 and C25 homologues, along with the variation in the average chain 
length with depth. 
Another important finding revealed by analysis of the lipid composition of peat forming 
plants was the identification of 5-n-alkylresorcinols as being diagnostic of the sedge 
species. These compounds have been reported as being lipid constituents of other higher 
plants (e. g. Kozubek, 1985; Tyman, 1991) but this is the first report of 5-n- 
alkylresorcinols being chemical components of sedges. Therefore, these compounds 
were highlighted as being biomarkers for these plants in peat deposits (and other 
environments of growth) and moreover, their distributions, varying between species, 
assumed to provide information upon the particular sedge present. Upon analysis of the 
sub-recent peat it was observed that the summed total concentration of 5-n- 
alkylresorcinols varied in such a way that it correlated with the abundance of sedge 
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macrofossils in the core, as determined by macrofossil counting statistics. In addition, 
the ratio of the total concentration of resorcinols to the total concentration of steroid 
compounds appeared to correlate with the cooler temperatures and the resulting changes 
in vegetation. However, the resorcinol distributions observed did not seem to provide 
the anticipated species specific information. This became apparent from the analysis of 
mid-Holocene peat, in which large anomalies in the total concentration curve when 
compared to the macrofossil record of sedge contribution were observed, leading to the 
suggestion of a second as yet unidentified source of these compounds in peat, possibly 
micro-organisms (e. g. Reusch & Sadoff, 1979; Kozubek et al., 1996). Therefore, 
although a degree of correlation could be seen with the abundance of sedge macrofossils 
determined from the macrofossil record, the reliability of this information was 
questioned due to uncertainties arising from the large anomalies. This indicated that 
care must be exercised in drawing inferences concerning temporal changes in vegetation 
based on this compound class until the question of additional sources is adequately 
resolved. 
Chapter 5 involved extensive use of py-GC/MS to investigate the solvent insoluble 
residues of both the modern peat-forming plants and a peat profile. This was undertaken 
with the objective of confirming the diagnostic value of the proposed Sphagnum 
biomarker 4-isopropenylphenol (van der Heijden, 1994; van der Heijden et al., 1996) 
and using its abundance to reconstruct the varying population of Sphagnum through 
time. It was shown that the proposed biomarker compound was indeed produced only in 
the py-GC/MS of Sphagnum species and thus its presence in peat was indicative of 
Sphagnum input. In addition, none of the mosses analysed showed any evidence of 
lignin pyrolysis products, i. e. compounds based on 2-methoxyphenols and 2,6- 
dimethoxyphenols (e. g. van der Heijden, 1994; Ralph & Hatfield, 1996; van Bergen et 
al., 1998b). On this basis a peat profile was investigated and the abundance of 4- 
isopropenylphenol (I) measured down core. When expressed as the abundance of I per 
mass of peat pyrolysed, and I as a percentage composition of I plus the two lignin 
markers, 2-methoxyphenol and 2,6-dimethoxyphenol, a remarkable correlation was seen 
with the variation in the abundance of Sphagnum macrofossils, as revealed by 
macrofossil counting statistics. Measurements of this kind appear to be as least a 
reliable a method for reconstructing Sphagnum input to a peat deposit as macrofossil 
counting statistics. Whether this is a real signal remains unclear in the light of results of 
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the lipid analyses of the peat, which suggested decay of plant remains was skewing the 
macrofossil signal, i. e. that there was a greater Sphagnum moss population than obvious 
from macrofossil count statistics. However, the 4-isopropenylphenol signal would be 
expected to follow this decay signal since sphagnum acid, the precursor to 4- 
isopropenylphenol, is a cell wall constituent of Sphagnum and, thus, morphological 
decay would result in the rapid release and decay of sphagnum acid (e. g. Wächter et al., 
1987; Wilschke et al., 1989). However, it is emphasised that the method developed is at 
least as reliable as macrofossil counting statistics for reconstructing Sphagnum input to 
a peat deposit. 
The work presented in this thesis has demonstrated the additional potential information 
that can be elucidated from ombrotrophic peat deposits, with regards to environmental 
conditions at the time of deposition. Whilst, lipid distributions and characteristics may 
not correlate directly with the more established method of macrofossil counting 
statistics, the additional information they provide shows that organic geochemical 
approaches offer a potentially valuable new tool for use in the retrieval of palaeoclimate 
information from the stratigraphic archives preserved in ombrotrophic mires. 
6.2 Future Recommendations 
This study shows that additional palaeoclimatic and palaeoenvironmental information 
can be obtained via biomarker analyses of peat deposits. However, considerable work 
remains to be undertaken before this approach can be routinely adopted for use in 
palaeoclimate reconstructions. The investigations undertaken during this thesis have 
highlighted a number of new avenues of future research that are considered to be of 
particular importance to the development of this field, including: 
" For any palaeoenvironmental study to have meaning a reliable and detailed 
chronology must be established. Work in this laboratory (Avsejs, 2000) being 
undertaken in parallel to that in this thesis has been seeking to take advantage of 
advances in instrumentation (e. g. preparative GC) over the last decade that have 
facilitated the trapping of single molecular species (e. g. Eglinton et al., 1996). 
Collection of single lipid components in concentrations whereby 14C dates can be 
determined has been investigated and evaluated. It is believed that the routine 
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application of this technique will result in far more detailed and reliable timescales 
being available, far above those currently relied upon using 14C dating of bulk 
materials. 
" Further comparative studies of recent peat profiles would be useful to assess 
whether the trends observed in the biomarkers in this study are seen to occur 
synchronously elsewhere. Initially, investigation of sites geographically adjacent to 
Bolton Fell Moss (Cumbria) should be undertaken since similar prevailing climatic 
conditions would be expected to be expressed synchronously in the peat forming 
vegetation and the resulting biomarker distributions. This should then be followed 
by comparative studies of other sites in the UK, Europe and elsewhere. 
" Over relatively recent history there have been several well documented climatic 
events of which the most extreme is arguably the Little Ice Age. Since the work 
presented in this thesis has developed methods that reflect a cooler period over the 
past 200 years, it would be interesting to extend these analyses to parts of peat bog 
profiles encompassing the entire Little Ice Age. The detection of this more extreme 
cooler period using the methods outlined herein would represent an important next 
step towards validating the use of biomarker techniques in palaeoclimate 
reconstructions based on peat bog archives. 
" The isotopic aspect of this work could be greatly expanded with the recent advances 
in the field of compound specific isotope analyses. It is known that stable isotopes 
of hydrogen and oxygen reflect environmental information and these measurements 
have been made on bulk peat with some success. For example, SD values of bulk 
peat or peat cellulose have been shown to correlate with climate (e. g. Schiegl, 1971; 
Brenninkmeijer et al., 1982; van Geel & Middeldorp, 1988; Dupont & Mook, 
1992), as have 6180 values (Brenninkmeijer et al., 1982; Dupont, 1986), and have 
hence been used to reconstruct variations in temperature and precipitation during the 
course of the Holocene. However, little is known about SD values of individual 
lipids (Sessions et al., 1999) and their possible uses as sources of palaeoclimatic 
information. The advances in instrumentation essential for such determinations (i. e. 
GC-thermal conversion-IRMS; GC-TC-IRMS) recently developed (Burgoyne & 
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Hayes, 1998; Hilkert et al., 1999) have made compound specific measurements 
readily accessible and therefore additional new proxy information should be 
obtainable. 
" Whilst it was shown here that py-GC/MS is extremely useful in reconstructing a 
Sphagnum signal through a peat profile, it would be possible to derive the stable 
carbon isotope compositions of 4-isopropenylphenol to obtain additional 
palaeoclimate and palaeoenvironmental information. Coupling of py-GC systems 
with IRMS systems has been accomplished (e. g. Gorki & Eglinton, 1994) and has 
recently been applied to an investigation into humification processes of peat (Kracht 
& Gleixner, 2000). Therefore, application of this technology to deriving 
palaeoclimatic information is a viable prospect, although careful assessment of peak 





Chapter 7 Experimental 
7.1 General 
7.1.1 Glassware 
All glassware was subjected to a rigorous cleaning procedure involving manual 
scrubbing and soaking in a solution of detergent (MicroTM; 24 hrs) followed by rinsing 
with copious water, acetone and double distilled water before oven drying. Prior to use 
all glassware was rinsed with a solvent appropriate to its subsequent use. 
7.1.2 Solvents 
All solvents used were Rathburns® HPLC Grade. Double distilled water was prepared 
on site and extracted with DCM prior to use. 
7.1.3 Storage 
Peat samples were stored in the freezer at -20°C until required for analysis. Air-dried 
vegetation samples were stored in the dark prior to extraction. Lipid extracts and 
fractions were stored in the refrigerator at 4°C. 
7.2 Sampling 
Two 5m peat cores were recovered from the centre (rand) of Bolton Fell Moss, 
Cumbria, UK (National Grid Reference NY490690) in September 1996. The cores were 
sampled using 50 cm monolith tins for the first 50 cm and then a9 cm bore Russian 
corer (Barber, 1984), sampling concurrent holes for alternate sub-sections to eliminate 
mixing due to breakdown of the core hole. Each sub-section was removed with depth 
overlap to ensure continuity and reliability in the record. 
Samples of modem covering vegetation were collected and immediately air-dried. 
Where samples of peat forming vegetation were present in the profile but not available 
on the bog were required, samples were taken from nearby Walton Moss (National Grid 
Reference NY504667). 
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7.3 lipid Extraction and Preparation 
The extraction and separation procedure employed is sunmmarised in Figure 7.1. 
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Chapter 7 Experimental 
7.3.1 Sediment Extraction 
The cores were sampled by taking 1 cm slices at desired depths (discarding the outer 
layers to eliminate possible contamination), which were then freeze dried to produce 
approximately 1g of peat. The dried peat was crushed, using a pestle and mortar to pass 
through a 500 gm sieve, then exhaustively solvent extracted using a standard Soxhlet 
apparatus. Peat (ca. 0.5 g) was placed in a pre-extracted cellulose thimble plugged at the 
top with extracted glass wool to prevent disturbance of the finely ground material. The 
thimble was then placed in a Soxhlet apparatus and reflux extracted for 24 hours with a 
solvent mixture of dichloromethane/acetone (9: 1 v/v). The TLE solutions obtained were 
subsequently evaporated under reduced pressure, transferred to sample vials (3 ml) and 
blown to dryness under a gentle stream of nitrogen. 
7.3.2 Vegetation Extraction 
Plant specimens (air-dried) were powdered in a pestle and mortar, liquid nitrogen being 
added to facilitate the process, and passed through a 500 pm sieve. Total lipid extracts 
were obtained by ultrasonication. Samples (ca. 0.1-0.5 g) were placed in a vial with ca. 
10 ml of dichloromethane/acetone (9: 1 v/v) and sonicated for 20 minutes, the process 
being repeated three times with further aliquots of solvent. The resulting total lipid 
extract solutions were combined, transferred to sample vials (3 ml) and evaporated to 
dryness under a gentle flow of nitrogen. 
7.3.3 Internal Standards 
An aliquot of a standard solution (concentration 200 ng µl'') was added to the extraction 
mixture for quantification purposes, the volume being estimated on the basis of % TOC 
and the mass of sample being extracted. This standard solution comprised a mixture of: 
5a-cholestane, 10-nonadecanone, 5ß-pregnan-3-one, hexadecyl octadecanoate, 5-n- 
pentylresorcinol, 2-hexadecanol and n-heptadecanoic acid (Table 7.1). 
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Table 7.1 Summary of internal standards and associated chemical fractions 
Eluent Major Constituent Internal Standard(s) 
Hexane Hydrocarbons 5a-cholestane 
Hexane/DCM 9: 1 v/v Aromatics - 
DCM Ketones, Wax esters 10-nonadecanone, 5ß-pregnan-3-one, 
hexadecyl octadecanoate 
DCM/Methanol 1: 1 v/v Alcohols 5-n-pentylresorcinol, 2-hexadecanol 
Methanol Polar compounds - 
2% Acetic acid in Diethylether Acids Heptadecanoic acid 
7.3.4 Fractionation of Total Lipid Extracts 
The total lipid extracts were each separated into acid and neutral fractions by solid 
phase extraction [Aminopropyl Bond Elut; for each sample, a new column was used 
pre-eluted with dichloromethane/isopropanol (2: 1 v/v)]. Each column quantitatively 
retains acids when total extracts are flushed through with DCM/isopropanol (2: 1 v/v; 
ca. 8 ml). The acid fractions were subsequently recovered with 2% v/v acetic acid in 
diethyl ether (ca. 8 ml). Following this initial separation neutral fractions were further 
separated into five fractions (hydrocarbons, aromatics, ketones/wax esters, alcohols and 
polars) by flash column chromatography using activated silica gel (Kieselgel 60,230- 
400 mesh; 0.6 g; 160°C, >24 hr). Samples were applied to the columns (pre-eluted with 
hexane) as a mixture of dissolved components and finely suspended particulates in 
hexane. Fractions were obtained by eluting with a series of solvent mixes of increasing 
polarity [hexane (3 ml), hexane/DCM 9: 1 v/v (1.5 ml), DCM (5.5 ml), DCM/ methanol 
1: 1 v/v (3 ml), methanol (2.5 ml)] applied in succession and eluted under positive 
pressure applied by a stream of nitrogen. All fractions were reduced to dryness under a 
gentle stream of N2 and stored in a refrigerator until required for analysis. 
7.3.5 Urea Adduction 
Urea adduction was carried out to separate the n-alkanols and sterols thereby obtaining 
the 5-n-alkylresorcinols for 813C analyses, as these compounds appeared in both sub- 
fractions due to the aromatic ring and the long n-alkyl chain. The sample was dissolved 
in hexane/acetone (2: 1 v/v, 1.5 ml) and placed in a Pyrex test tube. Warm saturated 
methanolic urea solution (ca. 1 ml) was added dropwise to the sample solution whilst 
the tube was agitated resulting in the formation of a dense white precipitate of urea 
crystals. After centrifugation (3000 rpm; 10 min) the non-adduct solution was removed 
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by pipette and the adduction process repeated a further four times, the resulting crystal 
adducts being combined with the first. The adduct was recovered by washing the urea 
crystals with DCM (3 x5 ml), in order to completely remove any trace of non-adducted 
compounds, then dissolving them in double distilled water (10 ml) and extracting with 
DCM (3 x2 ml). The urea saturated aqueous layer was discarded and a further aliquot 
of double distilled water (10 ml) added to the combined DCM extracts and left to 
partition, ensuring complete removal of urea from the organic layer. The lower organic 
layer was then removed and passed through a small column of anhydrous sodium 
sulphate to remove any residual water. Solvent was removed from the adducted samples 
by evaporation under a gentle stream of nitrogen. The non-adduct solution was 
recovered in the same manner after first being passed through a small plug of pre- 
extracted cotton wool to ensure complete removal of urea crystals. 
7.3.6 Derivatisation 
Samples containing compounds possessing polar functionalities, i. e. hydroxyl, carboxyl, 
were derivatised prior to analysis. Samples were silylated by dissolving dried aliquots in 
N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% trichloromethyl-silane (25 µl) 
and heating at 70°C (1 hr). Excess BSTFA was removed under a gentle stream of 
nitrogen and the samples re-dissolved in hexane to an appropriate concentration for 
analysis. 
Acid fractions from peat were methylated prior to silylation to facilitate better 
separation of hydroxyacids and diacids. Samples were dissolved in a trifluroboron- 
methanol complex (100 µl) and heated at 70°C (1 hr). Once cool, the trifluoroboron was 
quenched with double distilled water (1 ml) and the methylated acids extracted with 
hexane/DCM (1: 1 v/v; 3x3 ml). This was blown off under nitrogen and the samples 
redissolved in hexane for analysis. 
7.3.7 Pre-Analysis Clean-Up of Total Lipid Extracts 
Highly polar TLE constituents (e. g. sugars) were removed to facilitate chromatographic 
separation of compounds of greater organic geochemical significance. Prior to GC 
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analyses, TLE aliquots were dissolved in DCM/isopropanol (2: 1 v/v) and applied to a 
small column of activated silica (Kieselgel 60,230-400 mesh; 160°C, >24 hr). TLEs 
were eluted with a further aliquot of DCM/isopropanol (2: 1 v/v; 6 ml) and once 
recovered solvent evaporated under a gentle stream of nitrogen. Samples were 
subsequently derivatised as above. 
7.4 Instrument Analysis 
7.4.1 Elemental Analysis 
Elemental analyses were performed using a Perkin Elmer 240C elemental analyser to 
determine total carbon, hydrogen and nitrogen compositions of peat and vegetation 
samples. Inorganic carbon content was determined using a Strohlein Instruments 
Coulomat 702 carbon analyser adapted to analyse CO2 liberated from H3PO4 digestion. 
TOC values were then calculated as the difference between total carbon and total 
inorganic carbon. Each sample was analysed three times and mean compositional values 
calculated. 
7.4.2 Gas Chromatography (GC) 
GC analyses (1 µl injections) were carried out using a Hewlett-Packard 5890 Series II 
gas chromatograph equipped with an on-column injection port and a flame ionisation 
detector (FID). Total lipid extracts and ketone/wax ester fractions were separated on a 
fused silica capillary column coated with a high temperature DB-1 phase (J &W 
Scientific; 15 mx0.32 mm; film thickness 0.1 µm). The GC oven was programmed as 
follows: isothermal at 50°C for 2 minutes, ramped to 350°C at 10°C min 1, at which 
temperature it was held for 10 minutes. Separation of all other fractions was achieved 
using a fused silica capillary column, coated with CPSi15-CB (Chrompack; 50 mx0.32 
mm; 0.12 µm film thickness). The temperature program used was 40°C, held for 1 min, 
increasing to 200°C at 10°C min"' and then to 300°C at 3°C min', with a final 
isothermal hold period of 20 minutes. Hydrogen was the carrier gas, except for 
hydrocarbon fraction analysis where helium was used to facilitate resolution of the 
internal standard. 
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7.4.3 Gas Chromatography/Mass Spectrometry (GC/MS) 
GC/MS analyses were performed on either a Carlo Erba 5160 Mega gas chromatograph 
(on-column injection) coupled directly, via a heated transfer line, with a Finnigan MAT 
4500 quadrupole mass spectrometer, or a Varian 3400 GC (on-column injection) 
coupled, via a heated transfer line, to a Finnigan MAT TSQ700 triple quadrupole mass 
spectrometer (operating in single quadrupole role). The GC columns and temperature 
programs were identical to those used for GC analyses. Helium was the carrier gas. 
High temperature analyses were run scanning in the range 50 to 850 daltons (total scan 
cycle time 1.5 s; 70 eV) and normal analyses from 50 to 650 daltons (scan cycle time 1 
s; 70 eV). Assignments of lipid structures were made using the computer library search 
facility (INCOS *****), and by literature comparison of mass spectra and retention 
times. 
7.4.4 Bulk Stable Carbon Isotope Analyses 
Bulk 813C values were obtained on a CE Instruments NC2500 elemental analyser 
coupled to a Finnigan MAT Delta-S isotope ratio mass spectrometer via a conflow 
system, details of which are summarised in Fig. 7.2. Dried samples (ca. 0.1 mg) were 
placed in tin capsules, which were then introduced, via an autosampler, into a flash 
combustion chamber. As each sample entered the combustion chamber 20 ml of high 
purity 02 was released simultaneously resulting in flash combustion at -1800°C. 
199 






10 mm -- _ Ou. irr 1I, ' 





I<= r _ß 
780°c 
Detector via Conflow 
oýý, ýtý týrrýýi 
I 
II 
Eýý n, 1d1IZ VIUUI 
cpper 
A l, ignr. slum Prrchlorati" 
Vuai tý 1°/uul 
Owvtz WON 
Figure 7.2. A schematic of the CE Instruments NC2500 elemental analyser used in 
bulk S13C analysis (after Bull, 1997). 
7.4.5 Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry 
(GCC/IRMS) 
Compound specific S13C measurements were undertaken on I gl sample aliquots using a 
Varian 3400 GC coupled, via a combustion interface [copper and platinum wires (0.1 
mm o. d. ) held within an alumina reactor (0.5 mm i. d. ) maintained at a constant 
temperature of 850°C], to a Finnigan MAT Delta-S isotope ratio mass spectrometer (EI; 
100 eV; 3 Faraday cup collectors at m/z 44,45 and 46). The column, carrier gas and 
temperature program were the same as for GC analyses. Samples were analysed in 
triplicate to ensure reproducibility (±0.5%o) and isotopic ratios expressed as %o relative 
to the Pee Dee Belemnite (PDB) standard; 813C %o = 1000[(Rsapie-Rstandazd)/Rstandard], 
where R is 13C/'2C. 
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7.4.6 Pyrolysis-Gas Chromatography/Mass Spectrometry (py-GC/MS) 
Solvent extracted vegetation and peat samples were analysed using py-GC/MS. Dried 
samples were weighed (0.05-0.10 mg) and placed in quartz sample tubes. These were 
pyrolysed for 10 s, in a flow of helium, in a platinum coil at 610°C using a Chemical 
Data System 1000 pyroprobe coupled to a Carlo Erba 4130 gas chromatograph 
interfaced with a Finnigan MAT 4500 quadrupole mass spectrometer. Compounds were 
separated using a fused silica capillary column (50 mx0.32 mm i. d. ) coated with 
CPSil-5CB (film thickness 0.4 pm; dimethyl polysiloxane equivalent). The GC oven 
was programmed from 35°C (for 5 minutes) to 320°C (for 10 minutes) at a rate of 4°C 
min'. The MS was operated in full scan mode (40-650 daltons, 1 scan s'1,70 eV). 
Chapter 5 applied pyrolysis to the reconstruction of vegetation history. In using 
pyrolysis data in this way, it is important to be aware how reproducible the data derived 
from the pyrolysis of peat is. Replicate analyses of certain peat horizons show that the 
certainty with which these data can be interpreted is high, results being shown in Table 
7.2. 
Table 7.2 Reproducibility of pyrolysis results. 
Sample depth I per mass pyrolysed (mg") I% 
(cm) Original Replicate Original Replicate 
298 238500 217800 64.7 63.3 
394 301600 287300 90.9 88.2 
474 4577 4446 4.0 4.8 
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Appendix Lipid Structures 
R=H; n-alkane 4n-2 




R=OH; n-alkanoic acid 
n-2 R 
O 
















R1=H, R2=H, R3=H ; glycerol 
R1=H, R2=H, R3=CORc; 1-monoacylglyceride 
R1=H, R2=CORb, R3=H ; 2-monoacyiglyceride 
R1=H, R2=CORb, R3=CORc ; 1,2-diacylglyceride 
R1=COR8, R2=H, R3=COR0 ; 1,3-diacylglyceride 
R1=CORa, R2=CORb, R3=CORc ; triacylglyceride 
Figure Al Structures of alkyl lipids identified. 
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Appendix Lipid Structures 
24-Ethylcholest-5-en-3f -01 II 124-Ethyl-5a-cholestan-3ß-ol (sitosterol) HOýý/ (b-stigmastanol) 
24-Ethylcholest-5,22-dien-3ß-oI 24-Ethyl-5a-cholestan-313-ol 
(stigmasterol) Ho (stigmastanol) 
24-Methylcholest-5-en-3 3-ol 24-Methyl-5a-cholestan-30-ol 






Figure A2 Structure of steroidal components identified. 
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(I u p-20(29)-e n-3-one) 
a-amyrinone 
(urs-1 2-en-3-one) 
Figure A3 Structures of pentacyclic triterpenoid components identified. 




Appendix Lipid Structures 
170(H), 21 ß(H)-bishomohopanol 
17a(H), 21 ß(H)-bishomohopanol 
17ß(H), 21 ß(H)-bishomohopane 
17a(H), 21 ß(H)-bishomohopane 
Figure A4 Structures of hopanoid components identified. 
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